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Abstract of thesis entitled: 
Ab initio Studies on the Size Dependence Effects of Solvation 
Structures and Intracluster Reaction of Neutral Na(H20)„ 
and Cationic Na (CHsOH)^ Clusters 
Submitted by Wong Shu Yan 
for the degree of Master of Philosophy in Chemistry 
at The Chinese University of Hong Kong in (September 2003) 
The solvation and chemistry of solvated sodium clusters, Na(H20)„ = 1 - 6) 
and Na+(CH30H)„ = 1 - 6 and 8), are investigated by first principles calculations, 
using the ab initio molecular orbital and the density functional theory based on the ab 
initio molecular dynamics method. 
In the first part, the neutral Na(H20)„ cluster is studied in detail, and compared to 
Mg+(H20)„. Although it has been shown that Mg+(H20)„ undergoes an intracluster 
hydrogen elimination reaction, which is dependent on the size of the cluster, no 
hydrogen loss was found for the isoelectronic Na(H20)„. To understand this difference 
in chemical reactivity, the structure of Na(H20)„ {n = \ - 6) are optimized with the 
unrestricted Moller-Plesset (UMP2) method with the 6-31G** and 6-31++G** basis 
set. The harmonic frequency at all optimized structures are evaluated to confirm the 
true energy minimum. The transition structures, and the structure of the hydrogen 
eliminated cluster Na0H(H20)„_i are studied as well. The energy barrier decreases as 
the n increases from 1 to 6, from greater than 50 kcal/mol for ?? = 1 to just over 12 
iii 
kcal/mol for n = 6. Although the reaction barrier drops with the cluster size, the 
relative energy between Na(H20)„ and {Na0H(H20)„_i + H} showed the reaction of 
the hydrogen elimination is unfavorable for = 1 - 6. All the hydrogen elimination 
reactions are endothermic, from greater than 50 kcal/mol for " = 1 to less than 5 
kcal/mol for ^  = 6. Hence the dominant product should be the hydrated clusters 
Na(H20)„, and the hydrogen loss reaction may not be switched on around n 二 6. 
In the second part, the cationic Na+(CH30H)„ 0 = 1 - 6 and 8) clusters are 
studied. Similar to water, methanol is also a very important solvent. The calculated 
structure of Na+(CH30H)„ 0 = 1 - 6 and 8) clusters and the internal energy 
distribution in these ionic clusters are compared with previous experimental and 
simulation results. To gain insight into the size-dependent reaction of the intracluster 
ether loss reaction, which is switched on around « = 8, the size of the first solvation 
shell, the effect of the hydrogen bonding, and the presence of structural isomers are 
thoroughly investigated. The coordination numbers of the first solvation shell are 
calculated by radial distribution function (RDF); tetra- and penta-coordinated in the 
first solvation shell seem to be the most stable form for ^  = 6 and 8 respectively. All 
the structures are stabilized by the hydrogen bonding network. By using the ab initio 
molecular dynamics method, some of the possible molecular structures are predicted, 






























體系大小相關的分子間脫醚反應，此反應會在n = 8時開始發生。應用徑向分佈 
函數（RDF)計算了第一溶劑層的配位數；在第一溶劑層中n = 6時四配位最穩 
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Many chemical processes take place under solution conditions in the laboratory 
and in industry. These processes are related to the nature of the reagents, and thus 
the interactions among the solvated particles and solvent molecules are 
fundamentally important. In fact, solvation studies are not only important in solution 
chemistry, but also in many biological systems, as Na+ and Mg2+ play important roles 
in biochemical processes. It is well known that water is the most important solvent 
in nature, and alcohol is an important starting material in aliphatic chemistry with 
methanol being the simplest one. Hence, numerous experimental and theoretical 
investigations have been carried out to study the cluster systems with water or 
methanol as solvent. Understanding the molecular structures of these clusters is the 
crucial first step toward understanding their reactivities, and experimentally, the most 
commonly used technique is mass spectrometry, using tools such as time-of-flight 
mass spectromter (TOF-MS) and photoionization threshold measurement.^"^ 
However, these experiments are difficult and challenging, and theoretical studies are 
often needed to provide detailed information on the structures, potential energy 
1 
surfaces, and vibrational f r e q u e n c i e s Geometrical structures can be obtained 
using standard quantum chemistry/aZ? initio molecular orbital (AIMO) methods, 
while solvation dynamics can be modeled by ah initio molecular dynamics (AIMD) 
methods. 
1.2 Solvation of clusters 
The solvation process stabilizes molecules and ions in solution. The most 
essential feature of solvation is the interaction among solutes and solvent molecules, 
especially in the immediate surroundings of solutes, coordinated by solvent 
molecules. In the presence of charge, the interaction between these particles is 
mainly due to the donor-acceptor or hydrogen bond formation. In the absence of 
charge, dipole-dipole and dispersion interactions become dominant. These 
g 
interactions can induce molecular aggregation, and a cluster system is formed. 
Solvation effects are complicated, and the interactions among the components of a 
solution cannot be determined directly. Thus the solvation of simple ions and 
molecules in the gas phase is often regarded as a model system to bridge the gap 
between solution and gas phase. The interaction between the gaseous state and the 
surrounding environment is neglected so that the direct interaction among the central 
molecules or ions and the solvent molecules within the cluster can be singled out. 
2 
By sequentially investigating cluster ions of increasing size, the interaction between 
an ion and the solvating molecules can be varied and studied systematically. In many 
cases, the study of clusters in gas phase can provide invaluable insights into the 
structure and dynamics of solvation. 
In this thesis, two small heterogeneous clusters with solvated sodium species 
will be studied. In the first part, the interaction of a neutral sodium atom with a polar 
solvent H2O is investigated. The second part will focus on cationic sodium ion with 
another polar solvent CH3OH. The structures, energetics, solvation dynamics and 
reaction barriers for these clusters, Na(H20)„ = 1 一 6) and Na+(CH30H),, = 1 — 
6 and 8), are examined in detail by theoretical calculations. 
1.3 Reaction of a sodium atom with water 
Hydrated metal atoms or cations have attracted widespread attention. 
Spectroscopic studies on clusters consisted of a metal atom or ion solvated with polar 
.. 1 _3 9-18 
molecules have provided much insight into their stability and reactivity. ， For 
the singly charged group 2 metals (M = M g and Ca), Sanekata et al. examined the 
reaction for M十(H2O),, system in a pickup cluster source by using a reflectron time-
of-flight (TOF) mass spectrometer combined with a linear vaporization technique. 
They found that at certain sizes, M_(H2〇),，clusters underwent a hydrogen atom 
3 
elimination reaction and M0H+(H20)„_i ions were produced. This reaction was an 
intracluster redox ^  and dependant on the cluster size, 
M+(H20)„ — M0H+(H20)„_I + H (1.1) 
12 13 19 
The product M O H (H20)„_i were observed only between n = 5 and 14., ’ 
Although the experimental work can probe the microscopic solvation dynamics 
around metal ions in gas-phase clusters, theoretical studies on their physical and 
chemical properties are very important for a further understanding on the dynamics 
of microscopic solvation. Therefore, ab initio studies have been performed in order 
OA 2 3 
to analyze the experimental results. “ Watanabe et al. studied the structure and 
reaction of M+(H20)„ for n<6dX the M P 2 level using 6-3IG and 6-3IG* basis set. 
They examined the difference of internal energies between the reactant M+(H20)" 
ions and product M0H+(H20)„-i ions (M = Mg, Ca) and explained the first product 
switching as due to the switch in relative stability as M0H+(H20)„_i became more 
20 22 
Stable than M+(H20)« as the number of water molecules increased beyond n = 5. ’ 
Our group have also studied the hydrated Mg+ ion system using ab initio method and 
proposed a mechanism for the size-dependent hydrogen atom elimination reaction in 
Mg+(H20)„ Both of these ab initio calculations are in good agreement with the 
experimental works mentioned before. 
Group I metals are strong reducing agents and can break the 0 - H bond. For 
4 
example, a well-known exothermic reaction of solid sodium with liquid water 
produced N a O H and hydrogen gas. 
2 N a + 2 H2O 一 2 N a O H + H2 (1.2) 
However, a crossed molecular beam experiment on the scattering of single sodium 
24 
atoms with isolated water molecules did not produce any reaction products. A 
pick-up experiment observed the product of the form Na(H20)„ and with much lesser 
intensity of NaiCHiO)^. Products of the form N a O H were not observed in the mass 
spectra until Buck and his co-workers arranged a new pick-up source under multiple-
collision conditions. Their experimental observations indicated that there must be at 
least three sodium atoms to initiate the chemistry. A solvated sodium atom and a 
sodium dimer were generated in the beam source and reacted to produce products 
Na(NaOH)/(H2〇)历(/ 二 2,4; m < 40).^ '^  Schulz et al. further improved the pick-up 
18 
source to efficiently sample the clusters containing more than one sodium atom. 
They varied the temperature to produce different series of clusters. The water cluster 
picked up more than 50 Na atoms and reaction products Na(NaOH)„ {n = even 
number up to 50) dominated in the mass spectra at high sodium vapour pressure. In 
order to understand this phenomenon, Mundy and his co-workers studied the reaction 
mechanism of sodium metal and water in a molecular beam by Car-Parrinello 
molecular dynamics (CPMD) simulations. They reported that a charge separated pair 
5 
Na— and Na+ were formed in the cluster and the polarized Na was the reactive 
intermediate to attack a proton to form sodium hydride (NaH) and yield N a O H and 
H2 25,26 
On the other hand, experimental results revealed the unusual size dependence of 
ionization potentials for Li, Na and Cs atoms solvated with Takasu et al, 
Schulz et al. and Misaizu et al. observed that the ionization potentials (IP) of those 
clusters were nearly constant for « > 4 (3.2 eV for Na(H20)„ and 3.1 eV for 
Cs(H20)„). Therefore, many theoretical studies were concerned about the magic 
27 30 
number of IP for hydrated alkali metal clusters. “ Hashimoto et al performed 
calculations for Na(H20)„ using ah initio M O method. They reported that the 
constant IPs of the sodium complex around n = 4 were due to the "surface" structure 
27 
where Na was located on the surface of the water cluster. Iwata et al also noted 
that an ion-pair was formed in Na(H20)„, with n around 6, producing a Na+ ion, and 
a solvated electron denoted as 0-H{e}0-H, the energy of which determined the 
vertical ionization energy (VIE). But their model cannot explain why the converged 
value was the VIE of bulk water and why the constant IP was also observed in 
Li(H20)„ and Cs(H20)„ clusters. ^ ^ 
The solvation of sodium by water molecules has been extensively studied in 
cluster experiments and also modeled by quantum mechanical calculations. The n 
6 
dependency of the ionization potential for small Na(H20)„ clusters has attracted 
much attention, but the reaction between sodium and water is not well understood. 
As we know that the singly charged Group II metals with one valence electron have 
isoelectronic structure with alkali metal atoms, such as Na, their chemical properties 
should be similar to each other. Therefore, I will study the reaction mechanism of 
intracluster H-atom loss reaction for Na(H20)« 0 = 1 — 6) by ab initio calculation. 
Na(H20), — Na0H(H20)„-i + H (1.3) 
The reaction (1.3) should be similar to reaction (1.1) with its reaction path illustrated 
in Figure 1.1. 
In this thesis, the structures and stabilities of the reactant Na(H20)„, the 
transition state (TS) H…Na0H(H20)"—i and product Na0H(H20)„-i are investigated. 
Their energy differences are examined in order to determine whether such a reaction 
is feasible. In addition, the VIEs of Na(H20)„ and Na0H(H20)„—i are calculated to 
air the interpretation of experimental observations. Reactants Na(H20)„ have further 
been investigated concerning their dissociation energies. The details will be 
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Fig. 1.1 The reaction path of the mechanism of reaction (1.3). A symbol “{，， 
used to represent transition state corresponds to the potential 
maximum. 
1.4 Reaction of a sodium cation with methanol 
Similar to water, methanol is another important solvent. Electron pairs on the 
oxygen atom of methanol make it both basic and nucleophilic, which act as a base to 
accept protons in the presence of strong acids. The protonated methanol cluster, 
H+(CH30H)n, is known to undergo a size-dependent intra-cluster reaction in which a 
water (H2O) and an ether (CH3OCH3) are produced. The nucleophilic displacement 
8 
31 32 
reaction proceeded in the gas phase was exothermic with A//° = -15.5 kcal/mol.‘ 
H+(CH30H)„ -> H+(H20)(CH30H)„_3 + CH3OCH3 + CH3OH (1.4) 
Earlier molecular beam studies have found that the size-dependent reactions 
among the solvent molecules within a cluster can also be switched on in the presence 
of the alkali metal ion M+(CH30H)„ (M = Li, Na, K, Rb, Cs).^ '^^ ^ These metal ions 
act as a catalyst and play an important role as an intermediate in the intracluster 
chemistry. Lisy et al reported the dehydration reaction of methanol in Cs+(CH30H)„ 
and Na+(CH30H)„. The onset of the intracluster reaction for M+(CH30H)„ in Cs+ at 
^ = 12 and in Na+ at « = 8. Castleman and his co-workers also observed a similar 
onset behavior for the other metal ions, in which the reaction was switched on at n = 
8 for Li+ and Na+ ions and ^  = 9 for Rb+ ion. On the other hand, Selegue and Lisy 
have studied the isotopic substitution experiment that confirmed the products were 
generated from the reaction of two methanol molecules within the cluster. Moreover 
based on the result they suggested a possible reaction mechanism for the dehydration 
of methanol, in which two methanol molecules in a second solvation shell react with 
each other.33，34 丁匕巳 switch-on and mechanism of the dehydration reaction should 
certainly be dependent on the structure and dynamics of the solvation shells, which 
in turn is controlled by the cluster size. 
Besides the experimental spectroscopic studies, the structure of the solvated 
9 
metal cluster ions have also been studied by theoretical calculations.^ ^ ^ ^ Lisy et al. 
have investigated the structural properties of Cs+ and Na+ ions, solvated by methanol, 
38 39 . 
by vibrational spectroscopy and Monte Carlo simulations. ’ Analysis of the 
vibrational spectra and RDF for these metal cluster ions indicated the bond distance 
of M+—0 (Cs+-0 = 2.9 A and Na+-0 二 2.3 人）and the size of the first solvation shell. 
The first solvation shell for Cs+ and Na+ ions consisted of ten and six methanol 
molecules respectively. The latter result was in good agreement with the studies of 
Jorgensen.36’37 Garda-Mumais et al. reported the lowest-energy conformations of 
the Na+(CH30H)„ systems = 1 一 6) at HF, MP2 and DFT/B3LYP method with 6-
31G* basis set 40 These structural configurations are used as references in my work. 
However, the reaction mechanism of this size-dependent reaction is not yet well 
understood. Therefore, I will study the reaction mechanism of the ether elimination 
reaction for Na^CCHsOH)^ cluster ions = 1 - 6 and 8). The intracluster reaction 
+ 33 
studied here is analogous to the Cs+ system and as shown: 
Na+(CH30H)„ — Na\CH30H)„_2 (H2O) + CH3OCH3 (1.5) 
There are two possible mechanism schemes proposed here for the reaction (1.5) as 
shown in Figure 3.11, which are analogous to the mechanisms previously suggested 
for the gas-phase reaction of protonated methanol cliisters.34，41，42 Those transition 
structures for the intramolecular reaction involve a methyl group migration process is 
10 
investigated in m y work. 
The solvation structure in a cluster ion is effected by its size, and as a result, the 
structure, reaction path, and barrier will vary also with the cluster size. In m y thesis, 
I will report the geometries for the reactant Na+(CH30H)„ ions, the transition state, 
and product Na+(CH30H)„_2(H20)(CH30CH3) ions as optimized by ab initio 
calculations and the relevant energetic values. As experiments found that the onset 
of reaction in Na+(CH3〇H)„ was n = 8,33.35 ^ ^ molecular dynamics (AIMD) 
method is used to study the solvation of Na十(CHsOH)" 0 = 6 and 8) and their 
stability at finite temperatures. Na+(CH30H)„ 0 = 1— 5 ) are also studied in details 
by ab initio molecular orbital (AIMO) method. Their energy differences are 
examined in order to determine why there is no intracluster reaction until « = 8. The 
details will be presented in Chapter 3. 
11 
1.5 Computational Method 
The computational chemistry is used to study the behavior of microscopic 
particles. It is an analytical tool in the same sense that an N M R spectrometer or X-
ray diffractometer is. Two theoretical methods are used in m y research project. The 
first one is ab initio molecular orbit (AIMO) calculation based on quantum 
mechanics; and the second one is ab initio molecular dynamics (AIMD) calculation, 
combining both quantum mechanics and classical mechanics. ‘‘Ab initio means the 
calculation use the correct Hamiltonian and does not use experimental data other 
• 43 
than the values of fundamental physical constants". 
A I M O calculation is used to do geometry optimization for stationary points so 
that the energies and properties of molecules can be determined. A I M D calculation is 
used to simulate molecular motion over a certain time period and at a certain 
temperature so that the dynamic properties can be studied. These two methods are 
briefly introduced in the following sections. In this thesis, the A I M O are performed 
by the Gaussian 98 (G98) package;^] and the A I M D are performed by the Vienna Ab 
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Initio Simulation Package (VASP).— 
1.5.1 Born-Oppenheimer (BO) Approximation 
In molecular orbital calculations, the central purpose is to solve the time-
12 
independent Schrodinger equation 
m^iR, r) = r) (1.6) 
where i/ is a Hamiltonian, T is an exact solution to the Schrodinger equation, R is 
the nuclear position vector and r is the electron position vector. However, the 
Schrodinger equation for a polyatomic system cannot be solved exactly, i.e. no exact 
solutions can be found for such systems. W e can only find approximate solution. 
The Bom-Oppenheimer approximation is one of the approximations, applied to 
reduce the many-body problems. The total Hamilton operator for a polyatomic 
system is: 
^ = fn(R)+fei(r)+K„,e.(R,r)+Fn(R)+Ke.(r) (1.7) 
The total Hamilton operator is the composition of the kinetic (7) and potential (V) 
energies of the nuclei (n) and electrons (el). Under Born-Oppenheimer 
approximation, the motion of nuclei and electrons are considered separately. r„(R) 
is neglected, as nuclei are much heavier than electrons. In the calculations of 
electron part, nuclei could be considered as fixed, so Kn(R) is only add a constant 
term. However, the value of Kn,ei(R,r) term is large, which cannot be neglected in 
equation (1.7). Within the B O approximation, R becomes a dependence parameter 
and the Schrodinger equation is simplified to 
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where 
//„ = fei (r) + K„,ci (R,r)+Fei (r) (1-9) 
The Schrodinger equation (1.8) is solved under fixed nuclei. 
1.5.2 Self-Consistent Fields (SCF) - Hartree-Fock (HF) 
Self-consistent fields (SCF) calculation that uses antisymmetrized spin-orbitals 
is called a Hartree-Fock (HF) calculation. By Pauli principle, the electronic 
wavefunction must be antisymmetric, as represented by a Slater determinant. In a 
many-body system, an anitsymmetric wavefunction 平 is approximated by a single 
Slater determinant so that equation (1.8) can be solved. The single Slater 
determinant as shown here, 
平 1(0 对 rj … 
咖 ) = 补 1) %(rj … 伙 ） (1.10) 
« • • • 
咖 咖 … 咖 
is used to derive the Hartree-Fock (HF) equations. 
Hartree-Fock wavefunction is only an approximation to the exact wavefunction, 
based on the Puali principle. It vanishes when two spin-parallel electrons have the 
same spatial coordinates. Under the HF approximation, the electron-electron 
interaction is considered in an average field and the correlation energy is not 
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considered. Thus the energy calculated from the HF wavefunctions is not exactly the 
same as the true energy. The difference between the true energy and the HF energy is 
called the correlation energy. Configuration interaction (CI) and Moller-Plesset (MP) 
perturbation theories are available for treating the electron correlation. Hartree-Fock 
(HF) theory is widely used for solving the many-body Schrodinger equation. 
1.5.2.1 Moller-Plesset (MP) Perturbation Theory 
Moller-Plesset (MP) perturbation theory is a method based upon Rayleigh-
Schrodinger perturbation theory to solve the problem of electron correlation. The 
true Hamiltonian operator H in this method becomes 
+ (1.11) 
where Hq is a zero-order Hamiltonian, is a perturbation and ？^  is a parameter (0 < X 
< 1) determining the strength of the perturbation. HF energy can be improved by 
using Moller-Plesset (MP) perturbation theory, in which the calculation is divided 
into different level of order such as MP2, MP3 and MP4. Usually, MP2 level is the 
most popular way to incorporate the electron correlation. Compared to configuration 
interaction method, M P method is fast, size-independent, non-variational. It can 
sometimes give lower energy than that of true energy. 
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1.5.2.2 Ab Initio Molecular Orbital (MO) Calculation 
Ab initio calculation approximates 平 as an antisymmetrized product of one-
electron spin-orbitals and uses a finite basis set to solve Schrodinger equation 
without using any experimental data. The basis set refers to a set of atomic 
wavefunctions and a molecular orbital is represented by a linear combination of these 
atomic functions. For electronic structure calculations, there are two common types 
of basis functions: Slater Type Orbitals (STO) and Gaussian Type Orbitals (GTO). A 
STO has the functional form exp(-ar), and G T O the functional form exp(-ar^). The 
exponential of a G T O depends on and as a result its functional value falls off 
faster than typical atomic orbitals, which falls off as r as in an STO function. GTOs 
are thus inferior to STOs as approximation to atomic orbitals. A G T O has zero slope 
at r = 0, so GTOs are also problematic for a proper description of the wavefunctions 
near nuclei. Compared with STO, G T O decreases too rapidly far from the nucleus 
with a poor representation of the "tail" of the wave function. However, the 
expression for the multi-center integrals required for the calculation of electron-
electron interaction is very complicated and cumbersome for STO, making it 
inconvenient in actual computation. Thus Gaussian functions are commonly used, 
usually with several GTOs to approximate one STO. With the electronic energy 
calculated by ab initio method, stable and transition structures of molecular systems 
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can now be predicted from first principles. This is usually done by geometry 
optimization, to identify the local minima and first order saddle points on the 
potential energy surface. 
1.5.2.3 Basis Set Superposition Errors 
Due to the limitation of the computational cost, it is impossible to use complete 
basis set in most actual calculations. However the quality of a small basis set could 
be poor for the representation of molecular orbitals. A "balance" must be achieved, it 
is important to make the basis set as small as possible without compromising the 
accuracy. 
For the calculation of relative energies, the basis sets used must be the same. 
However, the quality of the basis set varies for isomers with different geometry, as 
the electron density around one nucleus may be described by functions centered at 
another nucleus. When the relative energy change is small, as in the case of 
hydrogen bond and van der Waals' complexes, the nuclear fixed basis set introduces 
a small and significant error. For example, in the calculations for the interaction 
energy of a molecular dimer, the basis functions on one molecule can compensate for 
the basis set incompleteness on the other molecule, and vice versa. As a result, the 
binding energy is artificially lowered, and the strength of these weak interactions is 
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overestimated. This phenomenon is called a basis set superposition error (ESSE), 
because the description of the monomer is actually better within the dimer than that 
for the free monomers using the same basis sets. 
The counterpoise (CP) correction method, introduced by Boys and Bemardi, 
provides a way to estimate BSSE, as the difference between monomer energies with 
the regular basis set and the energies calculated with the full set of basis functions for 
the whole complex. For example, for the interaction energy between two molecules 
A and B, the CP correction is calculated by 
A^cp = E{A)\T + ^ (B)*,, - E{K)\ — ^ (B)^ (1.12) 
The * denotes the geometry of the complex A B and the E{X) Y is the energy of the 
fragment X in the presence of basis set Y. Thus in the calculation of E{AY‘ the 
basis set for both a and b are used, even the fragment B is not present, and such basis 
functions of fragment B located at fixed points in space are regarded as ghost 
orbitals49，which can lower the energy for A, as the basis is more complete. 
1.5.3 Density Functional Theory (DFT) 
Density functional theory is another popular approach in quantum chemistry to 
calculate the electronic structure of atoms and molecules, which was initiated by 
Hohenberg and Kohn in 1964^^ and Kohn and Sham in 1965.^ ^ DFT only considers 
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a single-particle ground state density function, from which the total energy can be 
uniquely determined. This is in contrast to HF method, which deals with the full N-
electron wavefunctions. Hohenberg and Kohn expressed the ground state electronic 
energy as a functional of electron density, P{Y) 
可/Xr)]=五N[/Xr)]+FWr)] (1.13) 
where E^ is the Coulomb interaction between nuclei and electrons and F[/Xr)] is the 
sum of the kinetic energy of electrons and the contribution from interelectronic 
interactions. F[p(r)] can be expressed as a sum of three terms 
F[p{r)]=五 KE[p(r)] + En[p{r)] + 五 xc Wr)] (1.14) 
where EKE[p(r)] is the kinetic energy, En[p(r)] is the electron-electron Coulombic 
energy, and EXC[P(Y)] is the exchange and correlation energy. Combining the 
equations (1.13) and (1.14), the total electronic energy is 
E[p(r)]=五N[/Xr)] + EKEMV)] + En[p{r)] + Exdp(r)] (1.15) 
All the energy terms are a functional of the electron density p(r) of the system 
P(r)= (1.16) 
i = 1 
As the Exdp(r)] is unknown for molecular system, the simplest way to solve it 
is using the local density approximation (LDA). In LDA, the uniform electron gas 
has the constant electron density throughout the system. Therefore, Exclpi^)] is 
assumed to be purely local. However, the L D A ignores correction to Exc[p(^)] at a 
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point r in the inhomogeneous electron density, which is a weakness in dealing with 
molecular systems. Various forms of gradient corrections have been designed to 
improve the quality of these functionals for applications in molecular modeling. For 
open-shell molecules and dissociation processes, electron spin is an important 
consideration and the local-spin density approximation (LSDA) is devised to replace 
LDA. Two density functions are used in LSDA, one for spin-a and one for spin-p. 
^xcWr)] term in equation (1.14) is then replaced by 五xc[广(r)，/^ r)]. 
1.5.3.1 Generalized-Gradient Approximation (GGA) 
Generalized-gradient approximation is also called gradient-corrected functional, 
which improves the L D A limitation in the calculation of a non-uniform electron gas. 
Under this approximation, ^ xc[/Xr)] term is divided into exchange and correlation 
contributions. 
E^^'lpir)] 二 五『A[/^ (r)] +五cGGA[厂(r)] (1.17) 
There are a number of gradient-corrected functionals to improve the L D A exchange 
correlation energy density. In this thesis, PW91 is employed, which is a correction 
scheme proposed by Perdew and Wang in 1 9 9 1 , 5 2 a l l the VASP-package 
calculation. 
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1.5.3.2 Plane-wave Basis Set 
In the previous section, L D A only deals with a finite particles system. When 
the particle number in the system is extended to infinity in a solid with periodic unit 
cells, a continuum of infinite plane-wave basis states are needed to expand each 
electronic wave function. Bloch's theorem is applied so that the electronic 
wavefunctions are expanded in terms of a discrete set of plane-wave basis set, and 
the plane-wave basis set can be truncated to plane-waves with kinetic energies less 
than some particular cut-off energy only. Plane waves are often used as a basis for 
calculations on periodic systems. So the orbital wavefunction can be expressed as 
below 
平广(r) = Z c“k+G exp(/(k + G) • r) (1.18) 
G 
where G is reciprocal lattice vectors and k and c is wavevector and coefficient 
respectively in Bloch's theorem. In an equation (1.18) ^  is a linear combination of 
plane waves, which are now a basis functions. 
1.5.3.3 Pseudopotential Approximation 
In an atomic system, both the core and valence electrons are present. It makes 
the plane-wave basis extremely large for calculation and the plane-wave expansion 
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of the orbital in equation (1.18) needs a large number of high energy terms. Since 
core electrons are not important for chemical bonding and for the calculation of most 
physical properties, they could be taken out and their effects be modeled by a 
potential, which is known as the pseudopotential. In this way, the number of plane-
waves needed for electronic structure calculation is greatly reduced, to a manageable 
level. And only valence electrons of an atom are left in the calculations, since they 
are responsible for the chemical bonding and most physical properties. A schematic 
explanation is shown in Figure Due to the existence of the strong ionic 
potential (Z/r), the valence wavefunctions oscillate rapidly inside the core region 
so that the orthogonality between the core and valence wavefunctions can be 
maintained. The smooth pseudopotential is constructed to remove the radial nodes 
under the pseudo wavefunction ^^口鄉^。inside the core region iv Therefore, the 
number of electrons and the number of the plane-wave basis set can both be reduced 
in actual calculations. The pseudopotential is constructed so that potentials and 
wavefunctions of the pseudo and the valence are identical outside the core region. 
Hence, most of the physical properties and chemical bonding can be maintained. 
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Fig. 1.2 Schematic explanation of all-electron wavefunction ¥ and ionic 
potential Z/r (solid lines), pseudopotential V Pseudo and 
pseudo wavefunction 
沪 pseud。(dash lines) 
are plotted against distance r. 
All-electron and pseudo electron are exactly the same outside the region 
of rc. 
1.5.3.4 Ab Initio Molecular Dynamics (MD) Calculation 
Apart from the total energy calculations in a fixed set of atomic coordinates, 
molecular dynamics (MD) is an important method to simulate the atomic motion at 
finite temperatures. It is a time-dependent method, within the frame work of 
classical mechanics, and is used widely in molecular modeling. The trajectory of 
positions and velocities of a system over a period of time is obtained by solving the 





where the forces Fi on each atom with a mass ny at one position (r,) are calculated 
either by an empirical potential, or from first principles by DFT method as in the ab 
initio molecular dynamics method. Forces obtained are assumed constant within a 
short time period St. The new positions and velocities can be calculated at a small 
time step St later so that the time-dependent behavior of all the particles in the system 
can be determined. 
Due to the cost for DFT calculations, the simulation time for A I M D can last 
only for a few picoseconds, with a time step in femto-second (fs). To have better 
sampling of the statistics, it is better to perform A I M D simulation with different 
initial structures. A I M D method can provide a detailed picture of the way in which a 
system changes from one configuration to another, and calculate structural and 
thermodynamic properties. 
One of such properties is the radial distribution function (RDF) calculated from 
M D trajectories by averaging structures. RDF is defined in the formula, 
47rp, jr'g(r)jr = l (1.20) 




Mechanism for the Hydrogen Elimination Reaction in Na(H20)„ 
Clusters with n = \- 6 
2.1 Introduction 
As mentioned in Chapter 1, when a Mg+ or Ca+ ion is solvated by water 
molecules to form a cluster, an intracluster hydrogen elimination reaction is observed. 
13 21 23 . 
The reaction is size-dependent, and has been studied extensively. ‘ ‘ Magnesium 
and calcium belong to group 2 and have only one valence shell electron in +1 state. 
Therefore, Mg+ is isoelectronic to sodium atom. Although the reaction between 
sodium metal and water, to produce N a O H and hydrogen gas, is one of the best-known 
exothermic reactions, a hydrogen loss reaction has not been observed experimentally 
for the hydrated sodium cluster, Na(H20)„. Recent experiments showed that there 
must be at least three sodium atoms to initiate the chemistry, to observe the product 
NaOH.2，3’18，24 八 number of theoretical studies have been reported on the hydrated 
27 30 54 . 
sodium clusters, with the focus either on the cluster structure, , ， or on the reaction 
mechanism25，26 for clusters containing more than one Na atoms. The feasibility for H 
loss reaction in Na(H20)„ has not been examined. 
In this chapter, ab initio molecular orbital calculations are performed to 
25 
investigate the reaction barrier for the elimination of hydrogen atom in Na(H20)„ 
cluster with n = 1 - 6, 
Na(H20)„ — Na0H(H20)„—1 + H (2.1) 
A trend similar to Mg+(H20)„ is identified: as the number of first shell water molecules 
increases, the activation energy for hydrogen loss decreases, as the Na+ in the 
transition state is stabilized by the polar water molecules. In terms of overall energy 
change, reaction (2.1) is found to be endothermic, although the change is decreased to 
around 5 kcal/mol atn = 6. These values indicate the hydrogen loss reaction should be 
feasible. To explain why it is not observed in experiment, the vertical ionization 
potentials for Na(H20)„ and Na0H(H20)„_i are also evaluated, as these clusters were 
observed by laser ionization. 
2.2 Computational Details 
The stationary points for Na(H20)„, n = 1 - 6, were located by ab initio molecular 
orbital calculations, using the Gaussian 98 package.^^ The structures of the Na(H20)„ 
cluster, the transition state (TS) H…Na0H(H20)„_i and product Na0H(H20)„—i are 
optimized at the unrestricted MP2 (UMP2) level with two basis sets, 6-31G** and 
6-31++G**, since previous calculations indicated that the second order Moller-Plesset 
28 30 
(MP2) level can provide quality results for such clusters. ’ Harmonic vibrational 
26 
frequencies are also calculated to confirm the true energy minimum and the first order 
saddle point. The relative energies for the isomers were corrected with basis set 
48 
superposition error (ESSE) estimated by counterpoise method. I also examined the 
net atomic charge on the atoms in clusters by natural population analysis (NPA)^^'^^ at 
the UMP2/6-31G** level. 
2.3 Optimized Structure of Na(H20)„ and H-Na0H(H20)„_i 
Since the structures of Na(H20)„, ^  = 1 - 6, were widely studied and reported 
H O A CA 
previously, ' ' some of the initial geometries of Na(H20)„ are obtained from 
？7 
Hashimoto et al. All the stable structures have been confirmed to have all real 
vibrational frequencies, and the transition structures have one imaginary vibrational 
frequency. 
2.3.1 Solvation structures with w = 1 - 3 
The optimized structures of Na(H20)„, and H.. .Na0H(H20)„_i for « = 1 and 2 are 
shown in Figure 2.1 and Figure 2.2. The O atom in water molecules is in direct 
coordination with the Na atom for all the structures in the figures. The optimized 
Na(H20) and Na(H20)2 structures are in Cs and C\ symmetries respectively, which 
differ from Hashimoto et al.'s results of Ci�symmetry for Na(H20) and Cs for 
27 
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Na(H20)2 at the Hartree-Fock level. The difference is probably due to electron 
correlation, which causes the deformation of structure. The molecular symmetry of 
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the stable structures is thus dependent on the level of calculations.‘ 
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Figure 2.1 Optimized structures of Na(H20) and transition structure, H.. .NaOH 
calculated at the UMP2/6-31G** level. The geometric parameters are 
given in 人 and degrees. The values in parentheses are at the 
UMP2/6-31++G** level. 
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Figure 2.2 Optimized structure of Na(H2〇)2 calculated at the UMP2/6-31G** 
level and transition structure, H...Na0H(H20), calculated at the 
UMP2/6-31++G** level. The geometric parameters are given in A 
and degrees. The values in parentheses are at the MP2/6-31++G** 
level. 
28 
On the other hand, the geometric parameters with two basis sets (6-31G** and 
6-31++G**) at the MP2 level show that the optimizations at two different basis sets 
cause little change for the stable structures, and significant changes for the transition 
structures. The difference is due to the contribution of the diffuse function in the basis 
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set, but only the transition state geometry is sensitive to the basis set used. 
In the transition structures, one hydrogen atom dissociates from an oxygen atom 
in a water molecule and forms a triangle with the sodium and oxygen atoms. Both 
transition structures in Figure 1 have such a triangle form, similar to the transition 
states of the insertion reaction for the hydrated singly positive charged group 2 and 3 
water clusters, M^ (H20)；, where M = B, M g and Although the transition states 
of Mg+ and A1+ are quite similar to each other, the intracluster reaction in their water 
clusters are completely different.^ '^^ ^ The difference is due to the closed shell of A1+ 
ion, while Mg+ ion has an unpaired electron. As for the case of Na and Mg+, both have 
an unpaired electron in the valence shell, although their ionic radius are slightly 
different from each other. Thus it is interesting to examine the H.. .Na0H(H20)„-i in 
order to see whether Na has a similar chemical role as in the Mg+ case. 
In the transition state 1-TS, the HI.. .Na and H1...01 distances in the triangle are 
2.160 人 and 2.417 人 respectively at the UMP2/6-31G** level, but in the values of 
3.907 人 and 3.137 人 at the UMP2/6-31++G** level. As for 2-TS (Figure 2.2), which 
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is not obtained at the UMP2/6-31G** level due to optimization failure, I can only get 
the results at the UMP2/6-31++G** level. The values of Hl...Na and HI...01 
distances are 3.002 A and 2.550 A respectively. 
According to results from the NPA analysis, as listed in Table 2.1, the natural 
charge of Na increases from stable to transition state. For example at « = 1, the value 
increases from zero for 1 to +0.93 for 1-TS, and the charge on HI decreases from 
+0.52 to —0.03. It indicates that the Na atom release one electron and is oxidized to 
Na+ ion. This free electron is gained by HI, leading to a H atom, which is loosely 
bound by van der Waals to the cluster and could easily be dissociated. The unpaired 
electron is more diffusive in the transition state and the diffuse basis functions are 
more important. Regardless of the basis set, the distance of 01...HI is greater than 2.2 
入 in transition structure for 1 - 2, which is 2.417 A in 1-TS and 2.550 A in 2-TS (at 
UMP2/6-31++G** level). It indicates that the 0-H bond has been already broken in 
transition structures, and the contribution of Na to the 0 - H bond dissociation is quite 
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small, which is very similar to M g case. 
For Na(H20)3, two stable isomers are found and shown in Figure 2.3. W e use the 
notation f+s to label the isomer, with f and 5 denoting the number of water molecules 
in the first and the outer solvation shell respectively. Structure 3+0 is the most stable 
isomer in C3 symmetry, in which the water cluster forms a six-member ring cyclic 
30 
structure bound by three equivalent hydrogen bonds. Structure 2+1 in Cs symmetry is 
less stable than structure 3+0 by only 0.8 kcal/mol at the UMP2/6-31G** level. These 
isomers are known as "surface" structure in which Na atom locates on the surface of 
27 
the water cluster. 
According to Table 2.2, the energy barrier for hydrogen elimination reaction 
decreases from around 52 kcal/mol for ^  = 1 to around 21 kcal/mol for « = 3 at the 
UMP2/6-31G** level. The energy barriers calculated by the two basis sets differ from 
each by only about 5 kcal/mol. 
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Figure 2.3 Optimized structures for Na(H20)3 and transition structure, 
H...Na0H(H20)2 calculated at the UMP2/6-31G** level. The 
geometric parameters are given in 人 and degrees. The values in 
parentheses are at the UMP2/6-31++G** level. 
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Table 2.1 Natural population analysis of Na(H20)„, with n 二 1 — 3. The values 
are calculated at the UMP2/6-31G** level. The geometric structures 
are shown in Figure 2.1 - Figure 2.3. The values in parentheses are 
calculated at the UMP2/6-31++G** level. 
1 1-TS 2 2-TS 3+0 2+1 2+1-TS 
N^ ^ +0.93 (+0.04) (+0.99) ^ ^ +0,94 
0 1 -1.03 -1.35 (-1.08) (-1.38) -1.05 -1.05 -1.27 
02 (-1.05) (-1.14) -1.05 -1.05 -1.09 
03 -1.05 -1.03 -1.13 
HI +0.52 -0.03 (+0.52) (-0.01) +0.52 +0.51 -0.04 
HI，+0.52 +0.45 (+0.53) (+0.48) +0.53 +0.53 +0.48 
H2 (+0.52) (+0.56) +0.52 +0.51 +0.50 
H2, (+0.52) (+0.50) 0.53 +0.53 0.56 
H3 0.52 +0.52 0.49 
H3， 0.53 +0.52 0.57 
Table 2.2 Relative energies and energy barriers for Na(H20)„, n = 1 - 3. The 
values are calculated at the UMP2/6-31G** and UMP2/6-31++G** 
levels respectively. Relative energies are evaluated with zero point 
correction and BSSE. Energy barriers are evaluated with zero point 
correction. 
？ r e Relative Energy (kcal/mol) Energy Barrier (kcal/mol)  
Size  
6-31G** 6-31++G** 6-31G** 6-31++G** 
WithWithout WithWithout 
BSSE BSSE BSSE BSSE  
1 1 M M ^ M M ^ ^ 
2 2 0.0 0.0 0.0 0.0 25.8 
3+0 3 0.0 0.0 0.0 0.0 
2+1 2 0.8 2.6 1.0 1.2 ^  
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2.3.2 Solvation structure of « = 4 - 6 
The optimized structures for Na(H20)4 are shown in Figure 2.4. The "surface" 
structure 4+0 in C4 symmetry is a tetramer core structure, in which four water 
molecules are linked by four equivalent hydrogen bonds and directly bound to the Na 
atom. Structure 3+1 in Ci symmetry is a trimer core structure. One water molecule in 
the second shell interacts with water molecules in the first shell by hydrogen bonds. 
Structure 2+2 in Q symmetry is a dimer core structure, which is the most stable 
structure at the UMP2/6-31G** level. However, the energies of the three isomers are 
close and the differences are less than 1.5 kcal/mol at the UMP2/6-31G** level and 
less than 1.7 kcal/mol at the UMP2/6-31++G** level. Such small differences in 
relative energy are typical among the ionic clusters, and the number of possible 
isomers increases further for 行=5 and 6. The optimized stable structures are shown in 
Figure 2.5 for ^  = 5 and in Figure 2.6 for n = 6’ with the geometric parameters 
evaluated at the UMP2/6-31G** level. The core size goes to as high as the hexamer 
core in 6+0 for = 6. 
Furthermore, the transition structures, H....Na0H(H20)„-i, are also located and 
shown in Figure 2.4 (n = 4) and Figure 2.7 {n = 5 and 6). The reaction barriers at MP2 
level with 6-31G** and 6-31++G** basis sets are summarized in Table 2.3, which will 
be discuss later. For the Na(H20)„ clusters, n = 1 - 3, the Na atom is found to be 
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similar in its chemical role to the Mg+ ion in Mg+(H20)„ clusters, with weak 
interaction between the dissociating H atom and the metal atom in the transition 
structure leading to [(MgOH)十(H20)„_i + H] The 01-Hl distance in the transition 
structure decreases with increasing cluster size, from 2.417 A in 1-TS to 1.384 A in 
5+1-TS at the UMP2/6-31G** level. Moreover, the 01-Hl distance also decreases 
with increasing core size. For example, dXn = 6, the 01-Hl distance decreases from 
1.419 入 in 3+3-TS to 1.384 A in 5+1-TS. 
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Figure 2.4 Optimized structures for Na(H20)4 and transition structure, 
H...Na0H(H20)3 calculated at the UMP2/6-31G** level. The 
geometric parameters are given in A and degrees. The values in 
parentheses are at the UMP2/6-31++G** level. 
36 
C I 减 0,963 
HI、^.2.390 严 
H5 f ,H5’ 
4+1 Tetramer 3+2 a Trimer 
2.470 
H5 05 H5’ 
3+2b Trimer 2+3 Dimer 
Figure 2.5 Optimized structures for Na(H20)5 calculated at the UMP2/6-31G** 
level. The geometric parameters are given in A. 
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Figure 2.6 Optimized structures for Na(H20)6 calculated at the UMP2/6-31G** 
level. The geometric parameters are given in A. 
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Figure 2.7 Optimized transition structure for H...Na〇H(H20)„-i 0 = 5 and 6) 
calculated at the UMP2/6-31G** level. The geometric parameters 
are given in A. 
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2.3.3 Relative energy of isomers 
In order to examine the relative stability among structural isomers, both the zero 
point vibration and ESSE (by counterpoise correction) are considered in my 
calculations. The relative stability depends on both the cluster and the core sizes, as 
well as on the bondings. Since these clusters are bound by hydrogen b o n d s , 
which are weak relative to chemical bond, the difference in the relative energies 
among isomers is very small. The differences are within 2 kcal/mol for Na(H20)4, 
within 4 kcal/mol for Na(H20)5, and within 9 kcal/mol for Na(H20)6. 
As shown in Table 2.2 and Table 2.3, the trimer core structures are the most stable, 
for Na(H20)„, " = 3 — 6, at the UMP2/6-31G** level. The only exception is for " = 4, 
as the trimer core structure of 3+1 is slightly less stable than dimer core structure of 
2+2 by only 0.4 kcal/mol. The trimer core structure 3+1 is more stable than the 
tetramer core structure 4+0 by 1 kcal/mol at UMP2/6-31G** level, and the energy 
difference increases slightly to around 2 kcal/mol at UMP2/6-31++G** level. 
However, when a larger basis set, 6-31++G** is used, the trimer core structure is no 
longer the most stable structure, although the relative energy difference is still small. 
These results indicate that isomers of various sizes could all be present in the 
experiment. 
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Table 2.3 Relative energies and energy barriers for Na(H20)„, ^  = 4 - 6, calculated 
at the UMP2/6-31G** and UMP2/6-31++G** levels. Both the relative 
energies and energy barriers are evaluated with zero point correction. 
Relative Energy (kcal/mol) Energy Barrier (kcal/mol)  
Size  
6-31G** 6-31++G** 6-31G** 6-31++G** 
^ ^ W i t h o u t WithWithout 
BSSE BSSE BSSE BSSE  
4+0 4 ^ ^ L O -1.96 LV I J ^ 
3+1 3 0.0 0.0 0.0 0.0 21.0 16.8 
2+2 2 -0.4 -0.8 0.9 0.8 
4+1 4 3.6 0.5 -1.3 -1.5 12.1 14.8 
3+2a 3 0.6 -2.9 2.3 1.4 15.5 11.5 
3+2b 3 0.0 0.0 0.0 0.0 
2+3 2 2.3 3.4 5.6 6.0 
6+0 6 8.6 0.4 -1.5 -1.2 
5+1 5 6.9 0.9 -4.2 -3.9 12.2 14.4 
4+2a 4 5.0 0.7 -3.2 -2.9 
4+2b 4 8.5 3.7 -1.6 -1.0 13.6 
3+3 3 0.0 0.0 0.0 0.0 14.0 
2+4 2 7.0 4.6 2.9 3.7 
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2.3.4 Energy barrier of hydrogen elimination reaction 
As discussed in previous section, the energy barrier for the hydrogen elimination 
decreases from 52 kcal/mol for ^  = 1 to 24 kcal/mol for « = 3 (Table 2.2). The 
calculated energy barriers fox n = A - 6 are shown in Table 2.3, and a similar trend is 
observed. Furthermore, the barrier also decreases with increasing core size. The 
barrier for the tetramer core structure 4+1 is lower than that for trimer core structure 
3+2b; the barrier for the pentamer core structure 5+1 is lower than that for tetramer 
core structure 4+2b and trimer core structure 3+3. Similar to the case of Mg+(H20)„, 
this trend can be attributed to the stabilizing effect of water molecules around the metal 
ion, as it is oxidized during the H loss process. Water molecules in the first shell are in 
direct coordination with the metal ion and are thus more effective in their stabilization 
effects, making the core size the most important factor effecting the barrier height. For 
some of the isomers with n = 5 and n = 6, the barrier is lowered to below 15 kcal/mol, 
and the reaction should be accessible at room temperatures. 
2.3.5 Natural population analysis 
Natural population analyses (NPA) for ^  = 1 - 3 are present in Table 2.1 and 
indicate that the Na is oxidized from zero to around +1 and its valence electron is 
lost to HI in transition state H.. .Na0H(H20)„_i. The same is observed in the natural 
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population analysis on large cluster systems = 4 - 6), as listed in Table 2.4 and Table 
2.5. The charge on Na is around +1.0, while the charge on HI ranges from +0.1 to -0.1, 
indicating the formation of a H atom. The atomic charge on 01 also becomes slightly 
more negative, while the charges on the other water molecules change very little. 
These water molecules act as ligands to donate the unpaired electrons to the vacant 




































































































































































































































































































































































































































































































































































































































Table 2.5 Natural population analysis of Na(H20)6. The values are calculated at 
the UMP2/6-31G** level. The geometric structures are shown in Figure 
2.6 and 2.7. 
6+0 5+1 4+2a 4+2b 3+3 2+4 5+1-TS 4+2b-TS 3+3-TS 
m + 0 . 2 2 +0.25 +0.12 +0.03 - 0 . 0 1 ^ +0.88 +0.91 +0.84 
0 1 -1.05 -1.05 -1.09 -1.06 -1.09 -1.06 -1.16 -1.22 -1.19 
0 2 -1.07 -1.04 -1.07 -1.08 -1.09 -1.07 -1.06 -1.10 -1.10 
03 -1.06 -1.04 -1.07 -1.07 -1.09 -1.06 -1.08 -1.06 -1.08 
0 4 -1.06 -1.08 -1.07 -1.05 -1.03 -1.07 -1.06 -1.13 -1.04 
05 -1.06 -1.05 -1.03 -1.03 -1.03 -1.03 -1.05 -1.07 -1.05 
06 -1.06 -1.05 -1.03 -1.03 -1.03 -1.04 -1.08 -1.05 -1.06 
HI +0.52 +0.50 +0.50 +0.51 +0.52 +0.52 -0.10 -0.08 -0.10 
HI' +0.52 +0.53 +0.50 +0.50 +0.56 +0.53 +0.49 +0.48 +0.50 
H2 +0.45 +0.50 +0.52 +0.52 +0.52 +0.51 +0.50 +0.51 +0.51 
H2, +0.50 +0.54 +0.56 +0.56 +0.56 +0.55 +0.55 +0.56 +0.56 
H3 +0.47 +0.50 +0.48 +0.50 +0.52 +0.52 +0.50 +0.52 +0.51 
H3' +0.51 +0.53 +0.52 +0.55 +0.56 +0.54 +0.55 +0.52 +0.55 
H4 +0.51 +0.44 +0.50 +0.52 +0.50 +0.52 +0.49 +0.49 +0.51 
H4' +0.54 +0.49 +0.54 +0.54 +0.54 +0.57 +0.53 +0.57 +0.54 
H5 +0.51 +0.47 +0.50 +0.51 +0.50 +0.50 +0.51 +0.54 +0.50 
H5' +0.54 +0.51 +0.54 +0.54 +0.54 +0.54 +0.54 +0.55 +0.56 
H6 +0.52 +0.51 +0.50 +0.51 +0.50 +0.50 +0.51 +0.51 +0.52 
H6, +0,54 +0.55 +0.54 +0.54 +0.54 +0.55 +0.56 +0.54 +0.55 
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2.4 Reaction energy for hydrogen loss in Na(H20)„, n = l - 6 
The change in the internal energy for reaction (2.1) is also an important factor 
governing the hydrogen loss process in Na(H20)„. The reaction energy, Er, is given by 
(2.2) 
=五[Na0H(H20)„ _i]+ ^[H]-可NaCHbO)J 
where {£[Na0H(H20)„—i] + ^[H]} and ^ [Na(H20)J denote the internal energy of 
products and reactant respectively. 
The calculated reaction energies are listed in Table 2.6. A similar pattern is 
observed in the comparison between the reaction energy and the reaction barrier. The 
reaction energies decrease with increasing cluster size, dropping from more than 50 
kcal/mol for = 1 to less than 5 kcal/mol for ^  = 6. In addition, it also decreases with 
increasing core size, observed for ^  = 5 and 6. (comparing 4+1 with 3+2a, and 4+2b 
with 3+3). The results indicate that the reaction energies are also size dependent, 
which can again be attributed to the stabilization effect for the Na+ and the 0H~ ion by 
the increasing number of water molecules. 
The hydrogen loss reaction for Na(H20)„ is thus endothermic and 
thermodynamically unfavorable, although as the cluster size increases to « = 6, the 
reaction energy at 4.4 kcal/mol is fairly small. On the other hand, there is also a 
dramatic drop in the reaction barrier with increasing cluster size, from 51.8 kcal/mol 
for F 1 to between 12- 15 kcal/mol for = 5 and 6. These values indicate that H loss 
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reaction is feasible in the Na(H20)„ clusters, although it is not as important as in the 
Mg^(H20)„ clusters. 
Table 2.6 Reaction energy and the barrier for the hydrogen elimination of 
Na(H20)„, n=\-6. The values are evaluated at the UMP2/6-31G** 
level with zero-point energy correction. 
Reaction Energy Energy Barrier 
(kcal/mol)  
1 SLS 
2+1 16.9 20.9 
3+1 11.4 21.0 
4+1 4.8 12.1 
3+2a 8.2 15.5 
4+2b 4.4 13.6 
3+3 ^  
2.5 Ionization potential energy 
Although the hydrogen loss reaction should be feasible and Na0H(H20)„_i is a 
possible product based on my calculation results, previous pick-up experiments on 
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hydrated sodium clusters did not find any indication for the presence of NaOH. In 
order to understand the discrepancy between experiments and computational results, 
the vertical ionization potential (IP) for Na(H20)„ and NaOH(H2〇)；^—i (n = I - 6) are 
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calculated and listed in Table 2.7, since in the experiments these clusters are first 
ionized by photo-excitation and then detected by mass spectrometer. The vertical 
ionization potentials for Na(H20)n as calculated by Barnett and Landman,6 】Ramaniah 
29 27 16 et al. and Hashimoto et al., as well as experimental IP are also given in Table 2.7. 
The vertical ionization potentials are calculated as the energy difference between the 
neutral and ionized clusters, with the geometry of the cluster optimized in the neutral 
state. The ionization process for Na(H20)„ and Na0H(H20)„-i are given by 
Na(H20)„ -> Na+(H20)„ + e— (2.3) 
Na0H(H20)„_i -> (Na0H)+(H20)„_i + e— (2.4) 
As shown in Table 2.7, the IPs for Na(H20)„ clusters decrease with increasing 
cluster size from ^  = 1 to = 4, which converge to around 3.35 - 3.55 eV with no size 
dependence for larger n{n> 4). These results are in good agreement with previous 
H 9 Q f\ 1 
calculations, ' as well as with experiments, in which a constant ionization 
potential value of around 3.2 eV was observed for Na(H20)„ cluster with n > a}'^^ 
However, the IPs of Na0H(H20)"-i clusters are around 9 eV (with the exception of 
4+2b around 13 eV), which are much higher than that for Na(H20)„. The photon 
energy used in the previous experiments was between 3.0 and 4.0 eV, which was 
considerably lower than the calculated IP for Na0H(H20)„_i. Hence, it is likely that 
the ionization photon energy used in experiment was not high enough for the detection 
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of Na0H(H20)„_i clusters. As a result, Na(H20)„ was the only product observed, 
although Na0H(H20)„一 1 may also be present. 
Table 2.7 Vertical ionization potential (in eV) for the Na(H20)„ and 
Na0H(H20)„-i clusters ,with ^  = 1 - 6, at the UMP2/6-31G** level. The 
values are compared to the other theoretical and the experimental values. 
(I) and (S) denote the values for interior and surface structures. 
Na(H20)„ Na0H(H20)„_i 
U M P 2 LSDa61 BLYp29 Experiment^ ^  U M P 2 
N This work (I) (S) (I) (S) This work 
1 1 4.21 4.62 4.80 4.15 4.38 ±0.03 8.05 
2 2 4.2 4.3 4.34 3.75 3.80 ±0.05 
3 2+1 3.71 3.79 4.03 4.04 3.4 3.45 3.48 ± 0.06 9.33 
4 3+1 3.54 3.35 3.51 3.83 3.1 3,4 3.20 ±0.10 8.27 
5 4+1 3.37 3.12 3.52 3.89 2.95 3.4 3.20 ±0.10 9.12 
3+2a 3.55 9.32 
6 4+2b 3.37 2,94 # 2.8 3.3 3.20 ±0.10 12.86 
3+3 3.34 9.06 
The reference values do not specify the core structure with the exception of the 
reference mark “#，’. 
# The value corresponds to the specific core size, 4+2, for Na(H20)4 cluster. 
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2.6 Summary 
In m y present study, I have investigated Na(H20)„, the transition state 
H.. .Na0H(H20)„-i and Na0H(H20)„_i, with n=\-6,hy ab initio M O calculations. 
Furthermore, I have also studied the mechanism for the hydrogen elimination reaction. 
Finally, I have examined the vertical ionization potentials for Na(H20)„ and 
Na0H(H20),_i. 
At both the UMP2/6-31G** and UMP2/6-31++G** levels, the relative energy 
difference is small. The trimer core structures are the most stable, for ^  = 3 - 6 at the 
UMP2/6-31G** level. However, such a trend is not maintained when a larger basis set, 
6-31++G**, is used. 
On the other hand, since the Na is oxidized to Na+ ion in the transition structures, 
more water ligands in direct coordination with the metal ion can stabilize a cluster by 
electron donation to Na+ and by hydrogen bonding among solvent molecules. 
Consequently, the energy barrier for the H loss decreases with increasing core size. 
Although the energy barrier decreases from around 52 kcal/mol at « = 1 to just 
over 12 kcal/mol at = 6, the hydrogen elimination reaction is more difficult in 
Na(H20)„ than in Mg+(H20)„ clusters. Although the barrier height at 12 kcal/mol is 
feasible in amble conditions, it is higher than that for Mg+(H20)„, which could be as 
low as 3 k c a l / m o l 23 Furthermore the reaction energy for hydrogen elimination of 
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Na(H20)„ is endothermic, albeit by a small value of 4.4 kcal/mol at« < 6. 
Production of Na0H(H20)„_i is thus possible, although it should only be a minor 
reaction channel. The ionization photon energy around 4.0 eV used in experiment 
was not high enough for the observation of Na0H(H20)„_i, the IP for which is 
<f 
calculated to be above 8 eV. It is the most likely reason that hydrated N a O H clusters 
are not detected in the previous pick-up experiments. 
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Chapter 3 
Reaction Mechanism of the Ether Elimination Reaction of 
Na+(CH30H)„ cluster ions 
3.1 Introduction 
In Chapter 1, I have introduced the general ideas of studying Na+(CH30H)„ 
cluster systems. ANa+ ion is solvated by methanol molecules to form Na+(CH30H)„ 
cluster, in which Na+ ion acts as a catalyst. The intracluster dimethyl ether 
elimination reaction (3.1) of Na+(CH30H)„ is switched on for ^  > 8. 
Na+(CH30H)„ Na+(CH30H)„_2(H20) + CH3OCH3 (3.1) 
The switch-on mechanism should depend on the structure and dynamics of the 
solvation shells. However, the reaction mechanism of this size-dependent reaction 
has not yet well understood. Therefore, I will study the reaction mechanism of the 
ether elimination reaction for Na"^(CH30H)„ cluster ions = 1 - 6 and 8). 
This chapter reports ab initio calculations (by A I M O and A I M D methods) for 
the clusters formed by methanol molecules with sodium ions under the gas phase 
conditions. It is noted that the orientation of the methanol molecules is in such a way 
that the oxygen atom is in direct coordination with the Na+ ion within the first 
solvation shell. The results of A I M O for Na+CCHbOH)" 0 = 1 - 5 ) show that 
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mechanistically the intracluster reaction is indeed inaccessible for « < 8. In addition, 
I present the simulation study of solvation interaction between Na+ ion and neutral 
methanol molecules, Na+(CH30H)„ 0 = 6 and 8), by the AIMD. The results allow us 
to understand the statistical properties of molecular system at finite temperature. 
3.2 Computational Details 
The structure of Na+(CH30H)„ 0 = 1 — 5 ) are fully optimized with several 
methods: HF, MP2, BPW91 and B3LYP. All stationary points are located by ab 
initio molecular orbital calculations, using the Gaussian 98 package.^^ A frequency 
calculation is carried out in order to compute the zero-point energy for these 
stationary points. A single point energy calculation is followed to compute the basis 
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set superposition error estimated (ESSE) by counterpoise method. The 
optimization of structures for Na+(CH30H)„ 0 = 1, 6 and 8) are performed by the 
VASP package44-47 with different sizes for the cubic box, which is selected 
according to the size of cluster system. 
The geometry optimizations for NaCCHsOH) are performed by the Gaussian 98 
and the VASP packages. In order to compare the geometric parameter and to 
calculate the binding energy (五bind), calculations are done at seven levels: HF/6-
31G*, MP2/6-31G*, MP2/6-31+G*, BPW91/6-31G and BPW91/6-31G* in the 
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Gaussian 98 package, and Perdew-Wang 91 type gradient corrections (GGA) for 
VASP with two different planewave cutoff energy, 270 eV and 396 eV. For the 
planewave/pseudopotential based DFT calculations with VASP program, the 
hydrated sodium cluster ion is put in a large cubic box to imitate gas phase 
conditions. 
The A I M O calculations on Na+(CH30H)„ (> = 2 — 5) are performed with 
Gaussian 98, to locate the stable and transition structures and to obtain the relative 
energies and energy barriers of the ether loss reaction. Structures of Na+(CH3〇H)„ 
二 2 - 5) are optimized at three different levels: HF, MP2 and B3LYP, all with a 6-
31G* basis set. 
The A I M D simulations are performed by using the VASP for Na+(CH30H)„ (n = 
6 and 8). The cluster is put in a cubic box to imitate gas phase conditions. The 
lattice parameter is 14 人 for all structures with n = and for structures oin = 8, with 
four or six methanol molecules in the first solvation shell, which will be called 
tetramer and hexamer core structures respectively in the following discussions. In 
addition, the lattice parameter is 16 人 for the trimer core structure with « = 8. The 
planewave cutoff energy for our simulation is 270 eV. Ultrasoft pseudopotential is 
used, and the Perdew-Wang gradient^ ^ correction (PW91) is added to the exchange-
correlation functional. 
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As the clusters are bound together by the electrostatic interaction between 
methanol molecules and the Na+ and by the hydrogen bond interaction among 
methanol molecules, both of which are not very strong, the structure of 
Na+(CH30H)„ is very flexible. A I M D simulations are well-suited to study the 
internal structural transformations for the ionic clusters with various initial structures. 
To investigate the behavior of a cluster with respect to the temperature, a Nose 
thermostat is used in the A I M D simulations. The time step used is 0.4 fs. The initial 
velocities are scaled to a desired temperature in a short A I M D simulation of 500 time 
steps (0.2 ps). Radial distribution function (RDF) is used to examine the structure of 
Na+(CH30H)„, especially the core size. 
3.3 Optimized Structure for Na+(CH30H)„ (n = 1) 
Na+(CH30H) is the simplest model of sodium methanol cluster, which is 
suitable for testing the quality and accuracy of our computational procedure. The 
results of optimized Na(CH30H) are used for comparison with previous 
experimental and theoretical results, as listed in Table 3.1. There are two alternative 
ways to calculate the binding energy (一五bind). Firstly, the binding energy (—五bind) is 
calculated from the equation (3.2), 
—五bind =尉Na+(CH30H)]-五[Na+]-五[CH3OH] (3.2) 
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in which each term is calculated by Gaussian based M O method. Secondly, the 
binding energy is calculated by VASP with a planewave cutoff energy of 396 eV, in 
which the potential energy is calculated as a function of the Na+-0 distance in a 
Na+(CH30H) cluster sitting in a cubic box (15.0 x 15.0 x 15.0 A^), as plotted in 
Figure 3.1. Based on the results of the optimized structures, the geometry parameters 
obtained by Gaussian and VASP methods are in good agreement with each other. 
Figure 3.2 shows the structure of Na+(CH30H) as obtained from HF/6-31G* method. 
The bond lengths of Na+-0 and C-0 obtained from Gaussian 98 calculations as 
listed in Table 3.1, are also in good agreement with previous theoretical results. 
For further verification, the calculations of the binding energy are compared with 
experimental results, and the agreement is dependant on the calculation levels, and 
the best agreement is achieved for calculations at the MP2/6-31+G* and BPW91/6-
31G* levels using the Gaussian 98 program. For the VASP results, the two sets of 
cutoff energy 270 and 396 eV produce very similar geometric parameters, which are 
also in good agreement with the results at the BPW91/6-3IG level. However, as a 
larger cutoff energy raises the computational costs substantially, the low cutoff 
energy of 270 eV is used in the AIMD simulations. 
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Table 3.1 Comparison of the calculated and experimental parameter of 
Na+(CH30H). 
Method Basis Set Parameter (A) £'bind Reference 
Na+-0 C-O (kcal/mol) 
Gaussian 9 8 H F 6-31G* 2.202 29.19 this work 
MP2 6-3IG* 2.222 1.456 30.64 
6-31+G* 2.251 1.461 27.62 
B3LYP 6-31G 2.147 1.485 35.52 
6-31G* 2.181 1.454 31.08 
BPW91 6-31G 2.177 1.491 32.44 
6-3IG* 2.214 1.459 28.28 
VASP 口 SeU 2.177 1.491 this work 
S ^ 2.177 1.491 23.11 
Previous MP2 〜 ’ 4 0 
… 1 . 6-31G* 2.222 
Calculation 
Monte Carlo ^ 2 141 63 
simulation “ ‘ 
Experiment 26.6 ^  64 
Set 1: planewave cutoff energy 270 eV; Set 2: planewave cutoff energy 396 eV 
“cell size: 15.0 x 15.0 x 15.0 A^ 
b without zero point correction 
c binding energy is calculated from enthalpies of association obtained by high-
pressure mass spectrometry 
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Fig. 3.1 The energies against the Na+-0 distance of N a + ( C H 3〇 H ) b y a quasi-
Newton method with 396 eV planewave cutoff energy. 
Fig. 3.2 The structure of Na^CCHsOH). 
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3.4 Optimized Structure for Na+(CH30H)n (« = 2 - 5) 
The structures of Na+(CH30H)2 and Na+(CH30H)3 are also optimized at several 
levels, including HF, MP2 and B3LYP with 6-3IG* basis set. For larger cluster, 
Na+(CH30H)4 and Na+(CH30H)5, only HF and B3LYP level with 6-3IG* are used in 
the structure optimization, as MP2 calculations are too expensive, and the quality of 
B3LYP results is quite satisfactory. The structures for the transition state and product 
are also obtained to understand the mechanism of reaction (3.1). Generally, the 
agreement between MP2 and B3LYP results are observed, although the HF results 
deviate more from the MP2 and B3LYP results. The methanol molecules in the first 
solvation shell are orientated in such a way that their oxygen atoms are bonded the 
sodium cation. The Na+-0 distance is around 2.2 A and the C-0 distance is around 
1.4 A for these molecules. 
3.4.1 Na+(CH30H)2 
Two stable isomers of Na+(CH30H)2 are found with two different coordination 
numbers. W e will use the notation M{ij) to label a structure, with i indicating the 
number of methanol in the first shell, and j the number in the second shell. The 
dimer core structure 2-2 is thus M(2,0) and is more stable than the monomer core 
structure M(l,l), isomer 2-1, by 〜18 kcal/mol, as shown in Figure 3.3. The 
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monomer core structure Af(l,l) cannot be optimized completely by B3LYP. Some 
important geometric parameters for 2-1 and 2-2 are listed in Table 3.2. 
It is clearly shown in Figure. 3.3 that one methanol molecule is directly bonded 
to Na+ ion in the first shell, and interacts with a second shell methanol molecule by 
Van der Waals' force in the 2-1 isomer. As for the isomer 2-2, both methanol 
molecules are directly bonded to the Na+ ion in the first solvation shell. 
Two transition state (TS) structures are found in Na+(CH30H)2 for the 
dehydration reaction, involving the migration of a methyl group. A cyclic structure is 
formed during the migration of a methyl group (-CH3) in the transition structure 2-
TS-1 (Figure 3.4.a). According to the bond length in Table 3.3, a methyl group is 
almost equally distance to the two O atoms. The other transition structure 2-TS-2 
(Figure 3.4.b) is linear, with the migrating methyl group labeled as CI and with the 
angle, ZOl-Cl-02, around 177.9°. The CI is closer to 02, as the 01-..C1 and 02-
C1 distances are around 1.7 人 and 1.4 人，respectively at the HF level. Nonetheless, 
2-TS-2 cannot be obtained with optimization at MP2 and B3LYP levels with 6-3IG* 
basis set. Some important geometric parameters of 2-TS-l and 2-TS-2 are listed in 
Table 3.3. 
After the rearrangement of a methyl group (-CH3) and a hydrogen atom (H，) in 
TS, two stable isomers in the form of Na+(H20)(CH30CH3) are found with two 
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different coordination numbers, which are the products of the intracluster reaction. 
The dimer core structure 2-P-2 is more stable than the monomer core structure 2-P-l 
by 〜9 kcal/mol, as shown in Figure 3.5 and with important geometric parameters 
listed in Table 3.4. It can be seen that the O atom in water molecule bonds to Na+ ion 
in these product structures, and the main difference between 2-P-l and 2-P-2 is the 
spatial position of ether molecule. For 2-P-2, the ether molecule is in the first 
solvation shell, but in the second solvation shell for 2-P-l. There is also a hydrogen 
bond between the ether molecule (in the second solvation shell) and the water 




Q ^ a 
^。輪 
(a) 2-1: M(l’l) 17.5 kcal/mol 
‘o (. J 
(b) 2-2: M(2,0) = 0.0 kcal/mol 
Fig. 3.3 The structure of two isomers 2-1 and 2-2 of Na+(CH30H)2 obtained at the 
MP2/6-31G* level. indicates the relative energy to the most stable 
isomer, based on MP2 calculation. 
62 
TS, « = 2 
O N a 
、\\ H. 
〔 �? ( / 、) 
C 罵 
(a) 2-TS-l 
U n ( 
H' 
(b) 2-TS-2 
Fig. 3.4 The structure of two transition structures for n = 1, which involves a 
migration of the methyl group (-CH3). A "cyclic-structure" 2-TS-l 
obtained at the MP2/6-31G* level and a "linear-structure" 2-TS-2 





(a) 2-P-l: M(l,l) A E = 8.4 (8.3) kcal/mol 
C孝 
：；产 6=^  
(b) 2-P-2: M(2,0) A^ 二 0.0 (0.0) kcal/mol 
Fig. 3.5 The structure of two product isomers 2-P-l and 2-P-2 of 
Na+(H20)(CH30CH3) obtained at the MP2/6-31G* level. tsE indicates 
the relative energy to the most stable isomer, based on MP2 calculation. 
The energy in parenthesis is based on B3LYP calculation. 
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Table 3.2 Geometric parameters and the relative energies of Na+(CH30H)2 
(Figure 3.3) at HF, M P 2 and B3LYP with 6-3IG* basis set. 
Bond Distance (A) 尺：：二严 
2-1 M(l,l) 01—CI 02 …CI Na+-01 Na+...02 …兰》广：》 
HF 1.438 3.017 2.183 5.817 18.1 
M P 2 1.462 2.880 2.200 5.650 17,8 17.5 
B3LYP# 
_ , , 2 \ Relative Energy 
Bond Distance (A) (kcal/mol) 
2-2 M(2,0) 01—CI 02-C2 Na+-01 Na+—02 评浩厂：》 
HF 1.429 1.429 2.227 2.227 00 00 
M P 2 1.453 1.453 2.245 2.245 0.0 0.0 
B3LYP 1.450 1.450 2.205 2.205 0.0 0.0 
Table 3.3 Geometric parameters of transition structures, 2-TS-l and 2-TS-2 
(Figure 3.4) at HF, MP2 and B3LYP with 6-3IG* basis set. 
^ …. 小 Bond Angle 
Bond Distance (A) ., 、 
(degrees) 
2-TS-l 01...C1 02…CI 02-C2 Na+…01 Na+...02 O卜H，02-H，ZOl-Cl-02 
HF 2 . 3 5 6 2 . 2 3 4 l A U 2.104 3.999 1.7200.964 ^ 
MP2 2.118 2.035 1.441 2.152 3.707 1.612 1.001 69.4 
B3LYP 2.214 2.130 1.431 2.117 4.024 1.594 1.002 68.4 
…. , B o n d Angle  
Bond Distance (A) (degrees) 
2-TS-2 01-Cl 02-CI 02-C2 Na+...01 02-H' ZOl-Cl-02 
HF 2.2931.6571.447 2.056 0.954 177.9 
B3LYP # 

































































































































































































































































































































































































































































Figures 3.6 — 3.8 show the structure of Na+(CH30H)3，the TS and the product 
Na+(CH30H)(H20)(CH30CH3) respectively. Their structural configurations are 
similar to those clusters with n = 
Two stable isomers for Na+(CH30H)3 with different core size are found in 
Figure 3.6. One is dimer core structure 3-1, M(2,l), and other one is trimer core 
structure 3-2, M(3’0). The methanol molecules surround the central Na+ ion by 
27 
strong electrostatic interactions to form the so-called "interior" structures. In the 
isomer 3-2’ the three methanol molecules lie symmetrically around the Na+ ion to 
form a trigonal at the HF and B3LYP level. However, distortion is found at MP2 
level, with one of ZO-Na-0 around 104°. 
In isomer 3-1, one of the methanol molecules is in the second solvation shell. 
The force between CI (in the first solvation shell) and 03 (in the second solvation 
shell) of the methanol molecules, i.e. CH3OH...CH3OH, is due to Van der Waals' 
interaction. The bond distance of C1...03 is found to be around 3 A that is 
consistent with the case ofn = 2. 
Since the Van der Waals，interactions between the solvation shells are much 
weaker than the electrostatic interactions of Na+ with the methanol molecules, the 
methanol molecule located in the second solvation shell is less stable. Consequently, 
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a structure such as 2-2 and 3-2 is energetically more favorable. This is also likely the 
reason that structures 2-1 and 3-1 are unstable at B3LYP/6-31G* level and rearrange 
into structure 2-2 and 3-2 respectively during optimization. Some important 
geometric parameters of 3-1 and 3-2 are listed in Table 3.5. 
There is only one TS structure (3-TS-l) for n 二 3 found at MP2 and B3LYP 
level, which cannot be optimized at HF level. Likes 2-TS-l, a "cyclic-structure" is 
located in 3-TS-l. A comparison is made between 2-TS-l and 3-TS-l, their 
geometric parameters within the "cyclic-structure" are very closed to each other. It is 
evident that this "cyclic-structure" should be size-independant and be the basic unit 
of TS. Some important geometric parameters are listed in Table 3.6. 
After the rearrangement of a methyl group (-CH3) and a hydrogen atom (H') in 
TS for n = X two "interior" stable structures of Na+(CH30H)(H2〇)(CH30CH3), 3-P-
1 and 3-P-2 are found, as shown in Figure 3.8. 3-P-l and 3-P-2 are built up by 
adding one more methanol molecule on 2-P-l and 2-P-2 in the first solvating shell 
respectively. In these products, methanol, water and ether molecules are the ligands. 
Guo et al. indicated that the strength of the bonding of Na+ with the methanol 
ligand was stronger than the bonding of Na+ with the water ligand.64 Therefore, the 
bond distance of Na+.. •〇 between Na+ and CH3OH should be shorter than the bond 
distance of Na+.. .0 between Na+ and H2O. 
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All ligands bound to Na+ directly in 3-P-2, and the bond distance of 
Na+. ..CH3OH is indeed shorter than that of Na十...OHz. This order of bond distance 
for Na+...L agrees with the results obtained by Guo et al However, 3-P-l shows a 
different order of bond distance for Na+...L, in which Na+...0H2 is shorter than 
Na十….CH3OH. The possible reason is the existence of the hydrogen bond between 
water and ether molecule in 3-P-l, thus, the oxygen atom (01) in water molecule 
becomes more electronegative. As a result, the bonding between Na+ and 01 is 





[ ： ^ " ^ . . . . 考 ， 「 
〉 
‘ J 
(a) 3-1: M(2,l) 13.4 kcal/mol 
w 
02〒、， 
(b) 3-2: M(3,0) A ^ = 0.0 kcal/mol 
Fig. 3.6 The structure of two isomers 3-1 and 3-2 of Na十(CH30H)3 obtained at 
the MP2/6-31G* level. indicates the relative energy to the most 





































































































































































































































































































































































































































































































































TS ,« = 3 
靠T 
3-TS- l 
F i g . 3 . 7 Transition structure for ^  = 3 obtained at the MP2/6-31G* level. A 
"cyclic-structure" of 3-TS- l for a methyl migration process. 
Table 3.6 Geometric parameters of transition structure, 3-TS- l (Figure 3.7) at 
MP2 and B3LYP with 6-3IG* basis set. 
Bond Distance (A) Bond Angle  
(degrees) 
3-TS- l 01 …CI 03…CI 03-C3 Na+…01 Na+…02 01 …H’ 03-H，ZOl-Cl-03 
J i ^ 2 . 0 9 6 2 . 0 2 3 L 4 4 0 2 . 1 8 9 2 . 2 6 3 i J s l ^ 
B3LYP 2.202 2.118 1.430 2.145 2.221 1.565 1.008 68.4 
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Na+(CH30H)2(H20)(CH30CH3) 
。 ^ 暴.. 
( / C1、， 
(a) 3-P-l: M(2,l) A£" = 4.9(5.4#)kcal/mol 
\ 
(b) 3-P-2: M(3,0) AE =0.0 (0.0) kcal/mol 
Fig. 3.8 Two stable structures of Na+(CH30H)(H20)(CH30CH3), 3-P-l and 3-P-
2, obtained at the MP2/6-31G* level. AE indicates the relative energy to 
the most stable isomer, based on MP2 calculation. The energy in 





















































































































































































































































































































































































































































































































3.4.3 Na+(CH30H)„ (« = 4 and 5) 
In the previous sections, the structures of Na+(CH30H)„ for 1 - 3 have been 
discussed in detail. The structural features, the geometric parameter, and the 
energetics have been shown. The results indicate that the higher coordination, the 
more stable the isomer. In this section, the structures of Na+(CH30H)„ for ^  = 4 and 
5 will be discussed and compared to the results found in the previous sections. 
The stable and transition structures of Na+(CH30H)„ = 4 and 5) are shown in 
Figures 3.9 and 3.10. Two kinds of structures are found for Na+(CH30H)4 and 
Na+(CH30H)5. In the first category, all the methanol molecules are in the first shell 
and directly coordinated to the Na+ ion, producing a tetramer core structure 4-2 and 
a pentamer core structure 5-2, similar to 2-2 and 3-2. For the other isomers, one 
methanol molecule is in the second solvation shell, bound by either a hydrogen bond 
or by van der Waals' interaction with methanol molecules in the first shell, as in the 
trimer core structure 4-1 and tetramer core structure 5-1, similar to 2-1 and 3-1. For 
structure 4-1 (Figure 3.9), a van der Waals' complex is found at the HF level, while 
optimization at the B3LYP level leads to a hydrogen-bonded structure. The 
hydrogen bonded structure is more stable. 
Both the transition structures 4-TS-l and 5-TS-l have the "cyclic-structure" 
with four-member ring, which is similar to 2-TS-l and 3-TS-l. The product 
75 
structures 4-P-l and 5-P-l have an ether molecule in the outermost solvation shell, 
which is bound to a first shell water molecule by a hydrogen bond. 
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HI 一。L 
、‘H2 截 (1 H1 ,‘ 
C3 : H2 
at B3LYP method at HF method 
(a) 4-1: M(3，l) AE=1.7 (b) 4-1: M(3,l) AE==(9.9) 
參.... 
oW ； : 
f ； 
(c) 4-2: M(4，0) A ^ = 0.0(0.0) 
C3 
< 、 ’ | 0 3 
W , , “ I 
(d) 4-TS-l: = 75.0 (94.4) (e) 4-P-l: M(3,l) AE =-2.1 (0.6) 
Fig. 3.9 Optimized structures for Na+(CH3〇H)4 isomers, the transition structure for 
migrating methyl group and the product structure for 
Na+(CH30H)2(H20)(CH30CH3) obtained at the B3LYP/6-31G* level. A^ 
indicates the relative energy in kcal/mol, based on B3LYP calculation. The 
value in parenthesis is based on HF calculation. # The value does not 




(a) 5-1: M(4,l) A ^ = -2.8(-1.2) (b) 5-2: M(5,0) A五=0.0 (0.0) 
( 
C1 V) 
(c) 5-TS-l: 71.1 (90.9) 
i. ) 
t j 、J 、） 
(d) 5-P-l: M(4,l) A^ = -6.1 (-4.2) 
Fig. 3.10 Optimized structures of Na+(CH30H)5 isomers, the transition structure and 
the product structure for Na+(CH30H)3(H20)(CH30CH3) obtained at the 
B3LYP/6-31G* level. tsE indicates the relative energy in kcal/mol, based 
on B3LYP calculation. The value in parenthesis is based on HF 
calculation. # The value does not include BSSE correction. 
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3.5 Mechanism of ether elimination reaction 
Cabarcos et al. examined the occupancy of the different solvation shells by 
integrating over the peaks in the Na+—O RDFs ofNa+(CH30H)„. They observed the 
first significant occupation of a second solvation shell for ^  = 5, and that occupancy 
63 
increased for the large clusters continually. According to the results of « = 2 - 5 of 
m y calculations, the isomers of M{i,\) is less stable for n < A. The energy 
differences are large for n <?>, more than 13 kcal/mol at the MP2/6-31G* level. 
Nevertheless, the energy difference for ?? = 4 is only 1.7 kcal/mol at the B3LYP/6-
31G* level. Increasing the size of cluster to ^  = 5, the relative stability ofM(z,l) and 
M(z,0) isomers is changed. The possible reason is that as the first solvation shell is 
filled there is repulsion among methanol molecules in the first shell. The additional 
methanol molecules are thus added to the second shell, which is stabilized by 
hydrogen bonds. M y results are in good agreement with Cabarcos et al. that the 
first significant occupation of a second solvation shell should start around « = 5. 
For the intra-cluster reaction of ether elimination, two mechanisms are 
proposed in Figure 3.11. Scheme 1 is a backside attack Sn2 mechanism and scheme 
2 is a frontside attack Sn2 mechanism. Although both schemes involve the 
migration of a methyl group, their corresponding transition structures are different. 
The TS in scheme 1 is similar to the "linear-structure", while TS in scheme 2 is 
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similar to the "cyclic-structure". After rearrangement of atoms in the TS, the ether 
and water molecules are generated. However, the importance of each mechanism is 
dependant on the activation barrier of the reaction. 
The energy barrier is evaluated with zero-point corrections, as are the energies 
for reactant Na+(CH30H)„ and product Na+(CH30H)„_2(H20)(CH30CH3) for which 
ESSE corrections are also added. These values are listed in Table 3.8. 
As mentioned before, the TS in scheme 1 is similar to the "linear-structure". 
However, no transition structure is found for such a mechanism for « = 3 - 5. Only 
for « = 2, a TS is found, and the reaction barrier is around 55 kcal/mol. These 
results indicate that scheme 1 can be ruled out as a mechanism for the intra-cluster 
reaction. For scheme 2, a transition structure has been optimized for all clusters 
with this size n = 2 - 5 both at the MP2 and the B3LYP levels, although for ^  = 4 
and 5 only the B3LYP calculations are performed due to the size of the clusters. As 
shown in Table 3.8, the energy barrier of scheme 2 decreases from n = 2 of around 
79 kcal/mol to ^  = 5 of around 71 kcal/mol, which stays at a high value and makes 
the intra-cluster reaction unlikely. 
Apart from the ether loss reaction, Na+(CH30H)；^ clusters may also dissociate 
to lose a methanol molecule in an evaporation process (3.3). 
Na+(CH30H)„ -> Na+(CH30H)„_ 1 + CH3OH (3.3) 
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The evaporation energy of reaction (3.3) is defined as, 
五 e v a p[Na+(CH30H)J 
(3.4) 
=尉Na+(CH30H)„ _i]+ 尉 C H 3 O H ] -尉 N a + ( C H 3 0 H ) J 
where 五[Na+(CH30H)„ _ 1] denotes the energy of cluster ion Na+(CH30H)„ - 1 in the 
form of M(/,0) and 尉Na+(CH30H)J denotes the energy of cluster ion Na+(CH30H)„ 
in the form of M(/，l). Hence,五evap is the energy needed to dissociate the methanol 
molecule from the second solvation shell. All 五evap are evaluated with zero-point 
energy corrections (zpc), which are listed in Table 3.9. According to the results in 
Table 3.9, the evaporation energies are less than 15 kcal/mol, which is much lower 
than the energy barriers of ether elimination for « 二 2 — 5. 
In experiments, Zhang et al^^ and Selegue et al.” observed the dehydration of 
methanol to produce dimethyl ether and water only for Na+(CH30H)„ clusters for n 
> 8. Our results are in agreement with the experimental observations. The 
calculated energy barrier for « = 2 - 5 is around 70 kcal/mol at the B3LYP level 
(Table 3.8) and is much higher than the evaporation energy for Na+(CH30H)„ , 
which is less than 15 kcal/mol (Table 3.9). Therefore, the evaporation of a methanol 
molecule is much more favorable than the dehydration channel for Na+(CH30H)„ 
with n = 2- 5. Although the dehydration is slightly exothermic, the barrier makes 
ether elimination unlikely. The reaction barrier drops only slightly as n increases 
from 2 to 5, as more methanol molecules are added to the first solvation shell in 
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direct coordination with the Na+ ion. It indicates that the transition structure cannot 
be stabilized by the immediate solvation of the Na+. For n > 6, more methanol 
molecules will be added to the second solvation shell and hydrogen bonded to the 
first shell methanol. It will be especially interesting to see whether the transition 
state can be stabilized when the methanol molecules directly involved in the ring 
structure of 5-TS- l is hydrogen bonded to other methanol molecules. Also, scheme 
2 is based on a four member ring structure. It is possible that the transition structure 
may directly involve one more methanol molecule, as the migration of methyl group 
and H atom goes through a six-member ring, which is only possible for large 
clusters when there are many methanol molecules around. Such calculations are 




















































































































































































































































































































































































































Table 3.9 Evaporation energy for Na+(CH30H)„ = 2 - 5) at HF, M P 2 and 
B3LYP with 6-3IG* basis set. The values are evaluated with zero-
point correction in kcal/mol. # BSSE is evaluated by the counterpoise 
method. 
HF M P 2 B3LYP 
without with without with without with  
ESSE ESSE ESSE ESSE ESSE ESSE 
2-1 5.6 4.8 7.0 5.2 
3-1 5.1 4.3 6.4 4.7 
4-1 4.6 3.9 14.5 11.6 
5-1 10.6 9,0 13.4 10.8 
(a) Mechanism Scheme 1: 
r 1 $ 
M Na- u 
\ / H \ H H 
, � —4H 乂 - \。….丄… S —C ,… ^ ^ - [N.(H,0)(CH30CH3)h 
H, - 3 H^  
(b) Mechanism Scheme 2: 
r 1 $ 
Na ‘ * 
H / 
N.^ (CH30H) .CH3OH ^ \ _ - [Na(H,0)(CH30CH3)r 
L J 
Fig. 3.11 The intracluster reaction of Na+(CH3〇H)„. Scheme 1 involves a backside 
attack Sn2 mechanism. Scheme 2 involves a frontside Sn2 attack 
mechanism. 
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3.6 Ab initio molecular dynamics study on Na+(CH30H)„ (n = 6 and 8) 
Many previous studies emphasized that the occupation number of methanol 
molecules in the first solvation shell play an important role for the onset of reactivity 
at a critical cluster size. As maximum occupation number of Na+ ion in the first 
solvation shell is six,^ '^^ ^ my A I M D studies starts at ^  = 6. I also study n =込 
because Selegue and Lisy pointed out that at least two methanol molecules residing 
in the second solvation shell are involved in the ether loss reaction to produce ether 
and water.34 工打 my A I M D calculations, I focus on determining the number of 
methanol molecules in the first solvation shell, the effect of hydrogen bonding and 
the presence of structural isomers at different temperatures. 
3.6.1 Solvation dynamics for Na+(CH30H)6 
Since the relative stability of different core structure of clusters will affect the 
reaction of Na+CCH^OH)", structures M(5,l) and M(6,0) for Na+(CH30H)„ {n = 6) are 
studied by A I M D simulations as an initial structure respectively with Nose 
thermostat at 10 K and 50 K, as shown in Figure 3.12. The lattice parameter is 14 A. 
A short A I M D simulation of 500 time steps (0.2 ps) is performing to equilibrate the 
system for each initial structure by scaling the temperature at each time-step. Then, 
each of these initial structures are subjected to a further 4000 time-steps (1.6 ps) 
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A I M D simulation at 10 K and 50 K respectively. Several configurations from the 
A I M D simulations are randomly chosen for further geometry optimization by quasi-
Newton optimization. 
(a) 6-1 (b) 6-2 
Fig. 3.12 The initial structures of Na+(CH30H)6. (a) 6-1 corresponds to M(5,l) 
structure, (b) 6-2 corresponds to M(6,0) structure. A black ball 
denoted the methyl groups (-CH3) on methanol molecules, in which 
the hydrogen atoms are omitted for simplicity. 
3.6.1.1 Dynamical structural for Na+(CH30H)6 
After a short simulation of 500 time steps, the structures M(5,l) and M(6,0) 
change into the equilibrium structures 6-I0 and 6-2o respectively at 10 and 50 K，as 
shown in Figure 3.13. (The number in the subscript indicates the time of the 
snapshot in the A I M D simulation.) In the structures 6-I0 and 6-2o, some methanol 
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molecules extend outward from the Na+ ion to form a hydrogen bond network. They 
are used as the starting structure for the further 4000 time steps of A I M D simulations 
respectively. 
(a) 6-I0 at 10 K (b) 6-loat 50 K 
• 一 J岁 
(c) 6-2o at 10 K (d) 6-2o at 50 K 
Fig. 3.13 The equilibrium structures for starting the M D simulations. 
Methanol molecules extend outward from the Na+ ion to form a 
hydrogen bond network. 
By observing the fluctuation of Na+…O distances, the stability of the core 
structures and the position of O atom for Na+(CH30H)6 can be indicated. The 
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structure 6-1 is stable in the first 0.36 ps at temperature of 10 K (Figure 3.14.a) and 
the first 0.22 ps at 50 K (Figure 3.14.b), respectively. Afterwards, one methanol 
molecule from the first solvation shell is moved to the second solvation shell, and the 
structure transforms from pentamer core to tetramer core structure. 
On the other hand, the hexamer core structure 6-2 is stable over the entire 1.6 ps 
simulation at 10 K (Figure 3.14.c), as the Na+...0 distances fluctuates around 2.5 人. 
As temperature is raised to 50 K, the fluctuation in Na+...0 distance is much more 
extensive (Figure 3.14.d). These results show that the core size of cluster could 
fluctuate even at a low temperature. Upon heating, the methanol molecule can easily 
migrate away from the cluster core. 
The structural fluctuation in Na+(CH30H)6 can also be seen from the radial 
distribution function (RDF) plots for oxygen atoms around the Na十 ion. For 6-1, the 
RDF plots at different temperatures (Figure 3.15(a) and (b)) are similar to each other. 
A sharp RDF peak centers around 2.3 人 and drops off around 2.8 人.Thus the 
solvent molecule with Na+.. .0 distance less than 2.8 人 is occupying in first solvation 
shell. The second and third RDF peak around 3.5 人 and 4.0 人 respectively. The 
integration area of the first RDF peak is four, which indicates that four methanol 
molecules are in the first shell. Therefore, 6-1 is a tetramer. 
For 6-2, the change in the RDF plots (Figure 3.16.a and .b) is more noticeable 
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as the temperature is raised from 10 to 50 K. There is only one sharp R D F peak 
centered around 2.5 A with area integration of six at temperature of 10 K. It 
indicates that the hexamer core structure is retained at 10 K. In contrast, the RDF 
peak is broadened around 2.5 人 with area integration of five at 50 K, and a second 
peak around 3.0 A is observed with area integration of one. It indicates that at 50 K 
the core structure is transformed into a pentamer core structure. 
Our results thus show that even at 50 K, the core structure is not stable and its 
number could change during the A I M D simulation, as a methanol molecule in the 
first shell moves into the second shell. The snapshots of configurations of 6-1 and 6-
2 for the duration of the M D simulations at temperature 50 K are shown in Figure 
3.17 and Figure 3.18 respectively. 
89 
(a) 6-1 at 10 K 
4.5 y 
S 4 ^ — Z “ 
I 3.5 - y •“ ^ ^ ~ 一 
.i 3 ；^^：：：：^^：：：：^ 
+ 1 2.5 ―：rrr：-：^ ：^^ —^：：- -
^ 2 J 1 i ！ ‘ 
0 0.4 0.8 1.2 1.6 
time (ps) 
(b) 6-1 at 50 K 
f 4 : 
g 3.5 - 7 ~‘^^  ^ 
I 3 ^ ^ ^ 
Z 2 ‘ ‘ ‘ ‘ 
0 0.4 0.8 1.2 1-6 
time (ps) 






J 2.5 Ji^c:> eui i m i ^广 • I • 1 圔^ " 丨“ 
c3 I I I 
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time(ps) 
(d) 6-2 at 50 K 




Z 2 L I ‘ ‘ ‘ 
0 0.4 0.8 1.2 1.6 
time (ps) 
Fig. 3.14 Time evolution of the stability of the different core structures and 
position of the O atom at Na+(CH30H)6. (a) and (b) are 
corresponding to 6-1 at 10 and 50 K. (c) and (d) are corresponding to 
6-2 at 10 and 50 K. 
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Radial Distribution Functions Na+—O for 6-1 
(a) Temperature = 10 K 
[ A Probability 
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Fig. 3.15 Radical distribution of Na十…O for 6-1 from a 1.6 ps M D simulation 
of Na+(CH30H)6 at a temperature (a) 10 K and (b) 50 K. 
Probability (solid lines) of finding a O atom at a distance r from Na+ 
ion. Area integration (dashed lines) indicates the number of O atom 
contained in volume 47ir g(r)5r. 
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Radial Distribution Functions Na+—O for 6-2 
(a) Temperature = 10 K 
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Fig. 3.16 Radical distribution of Na+…O for 6-2 from a 1.6 ps M D simulation 
of Na+(CH30H)6 at a temperature (a) 10 K and (b) 50 K. 
Probability (solid lines) of finding a O atom at a distance r from Na+ 
ion. Area integration (dashed lines) indicates the number of O atom 
contained in volume 4^ r^ g(r)5r. 
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At 50K 
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Fig. 3.17 Snapshots of the structures of 6-1 for Na+(CH30H)6 in the AIMD 
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Fig. 3.18 Snapshots of the structures of 6-2 for Na+(CH30H)6 in the AIMD 
simulations at 50K. The structures (a) — (e) are selected in regular 
intervals. 
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3.6.1.2 Optimized Structures for Na+(CH30H)„, n = 6 
Several structures from the A I M D simulations are selected randomly to as the 
starting geometry for structure optimization by VASP. As shown in the AIMD 
simulation, the core size around Na+ can fluctuate from 4 to 6, and a number of 
structures with various core sizes are examined. The tetramer structures SI and S2 are 
optimized from the initial structure of 6-I1.6 at 10 and 50 K respectively. The hexamer 
structures S5 and S6 are optimized from the structure of 6-2i.6 at 10 and 50 K 
respectively. Similarly, pentamer core structures are also obtained, as in S3 and S4. 
All these structures are shown in Figure 3.19 and their geometric parameters are listed 
in Table 3.10. The most stable isomer is the tetramer core structure, and the energy 
difference between SI and S2 is only 1.98 kcal/mol. The stability of pentamer and 
hexamer core structures is similar, which depends on the number of hydrogen bonds 
among the methanol molecules, and the more the number of hydrogen bonds, the more 
stable an isomer. 
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H3f ^^ \ 05 ‘ 
HS 04 � 04 U 
(a) SI A五=0.00 (b) S2 A五=1.98 
(c) S3 AE=5.27 (b) S4 AE=8.29 
看 4 1。1 H4 響 i 
(e) S5 A五=4.32 (f) S6 A五=10.66 
Fig. 3.19 Structures of Na+(CH30H)6 obtained by energy minimization using VASP 
program. Several configurations are randomly selected as starting 
geometry for energy minimization from the trajectory of equilibration 
A I M D simulations. AE indicates the relative energy to the most stable 
isomer in unit kcal/mol. Geometric parameter is listed in Table 3.10. 
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Table 3.10 Geometric parameters and the relative energies of Na+(CH30H)6 
(Figure 3.19) by using VASP program. 
SI S2 S3 S4 S5 S6 
core-size 4 4 5 5 6 6 
ziRf/E，、 0.00 1.98 5.27 8.29 4.32 10.66 
(kcal/mol)  
Na-01 2.242 2.223 2.487 2.379 2.407 2.462 
Na-02 2.454 2.587 2.408 2.373 2.466 2.564 
Na-03 2.274 2.281 2.485 2.353 2.450 2.357 
Na-04 2.682 2.693 2.425 2.335 2.480 2.500 
Na-05 3.393 3.515 2.571 2.447 2.510 2.347 
Na—06 4.063 3.940 2.853 4.077 2.555 2.781 
01-H6 1.820 1.976 1.823 
02—HI 1.841 1.865 1.738 
02-H5 1.725 1.682 
03-H4 1.817 1.879 
04-H2 1.640 1.656 
04-H5 1.908 1.783 
05-H1 1.654 1.577 
05-H3 1-825 1.834 
06-H2 1.716 1.781 1.721 
06-H3 1.795 1.828 1-826 
06-H4 1.783 1.858 1.813 
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3.6.2 Solvation dynamics for Na+(CH30H)8 
Na+(CH30H)8 clusters with three different core sizes are selected as initial 
structures for A I M D simulations, including the hexamer core 8-1, tetramer core 8-2 
and trimer core 8-3, as shown in Figure 3.20. The lattice parameter is 14 A for 
tetramer and hexamer core structures, and 16 人 for trimer core structure. 
！ 、 沪 、H6 \ Ji (r H8 
0 4 H 。 警 
# H4 W H4f 
(a) 8-1 (b) 8-2 
\ 《 
(X , , 1 
c^^-Q^cyi • 
(c) 8-3 
Fig. 3.20 The initial structures of Na+(CH30H)8. (a) Hexamer core 8-1, (b) 
tetramer core 8-2 and (c) trimer core 8-3. 
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3.6.2.1 Dynamical structure for Na+(CH30H)8 
A I M D simulation of 8-1 is performed with Nose thermostat at 10 and 50 K, in a 
cubic box with a length of 14 人.The time evolution of Na+...0 distances and the 
R D F plots of oxygen atoms around the Na十 ion for 8-1 are shown in Figure 3.21. 
The hexamer core structure of 8-1 is stable in the first 0.5 ps, and one methanol 
molecule in the first shell moves to the second shell after 0.9 ps at temperature of 10 
K, producing a pentamer core structure, which survives to the end of the simulation. 
When the simulation temperature is raised to 50 K, the transformation from hexamer 
core to pentamer core takes place shortly after the start of A I M D simulation. 
These changes are also reflected in the RDF plots. At temperature of 10 K, the 
first solvation shell produces two peaks centered around 2.35 人 and 2.55 人 
respectively, and the area of integration up to 3 A is 5. A third sharp peak centers at 
3.55 A and is due to the methanol molecules in the second solvation shell. At 50 K, 
these peaks are broadened out due to the more extensive thermal motion. The first 
solvation shell is represented by the peak centered around 2.45 人，and the second 
solvation shell produces a broadened peak at 3.75 A. 
The A I M D results clearly show that the hexamer core structure of 8-1 is not 
stable and transforms to the pentamer core structure even at the low temperature of 
10 and 50 K. 
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Fig. 3.21 Time evolution of distances for Na+...〇 of 8-1 in A I M D simulation at 
average temperature of (a) 10 K and (b) 50 K. R D F plot of Na+...O for 
8-1 in A I M D simulation at average temperature of (c) 10 K and (d) 50 K. 
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Fig. 3.22 Time evolution of distances for Na+...〇 of 8-2 in A I M D simulation at 
average temperature of ⑷ 10 K and (b) 50 K. R D F plot of Na+...〇 for 8-2 
in A I M D simulation at average temperature of (c) 10 K and (d) 50 K. 
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The structural fluctuations in the tetramer core structure of 8-2, as represented 
by the time evolution of Na十...O distances and the RDF plots of oxygen atoms 
around the Na+ ion, are shown in Figure 3.22. The fluctuation of Na+.. .0 distances 
at temperature of 10 and 50 K in the first 0.4 ps are very similar, as extensive 
rearrangements of methanol molecules between the first and second shells are 
observed. This is likely due to the choice of initial structure, which is produced by 
starting with a tetramer core Na+(CH30H)4 and adding one second shell methanol to 
each first shell methanol. After the initial reshuffling, 8-2 is gradually stabilized 
beyond 0.8 ps at 10 K, and settled into a tetramer core structure for the remaining 
period of the simulation. However, at 50 K, the tetramer core is not very stable, and 
extensive structural fluctuations are observed. The core size of 8-2 at temperature 
of 50 K can be identified from the RDF plot (Figure 3.22(d)). A sharp RDF peak 
appears at 2.35 人 with an integration area of four. Therefore, despite the structural 
fluctuation, the tetramer core structure of 8-2 is retained at the low temperature at 50 
K. 
To further test the stability of the tetramer core for 8-2, one addition simulation 
is performed with the Nose thermostat raised to 300 K. In this case, evaporation of 
methanols are observed, as two of the Na十...O distances increase beyond 7 人 at 
around 0.4 ps (Figure 3.23). It indicates that the tetramer core structure is unstable 
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at 300 K. 
0 0.4 0.8 1.2 1.6 
time (ps) 
Fig. 3.23 Time evolution of distances for Na+.. .0 of 8-2 in A I M D simulation 
at average temperature of 300 K. 
To further explore the thermal stability of Na+(CH30H)8, I did one more 
simulation at 300 K for 8-3, which is a trimer core structure, with an increased box 
size with a length of 16 人.Interestingly, no methanol evaporation is observed for 
8-3. The fluctuation of Na+...0 distances in Figure 3.24 show that the cluster ion 
gradually settles into a more compact structure, and the core size actually increase to 
4 around 0.4 ps. Although there are reshufflings of methanol molecules between 
the solvation shells, the tetramer core structure is retained during most period of the 
simulation. The snapshots of configuration of 8-3 for the duration of the AIMD 
simulations at temperature of 300 K are shown in Figure 3.25. 
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These results show that the stability of the Na+(CH30H)8 cluster is dependent 
on the choice of initial structures. Overall, the core size could be either 4 or 5，and 
migration of methanol molecules between the solvation shells can be observed even 
at low temperature, indicating a fluxional structure. At 300 K, the evaporation 
channel is also accessible. 
8厂 
I 6 - � \ 
0 0.4 0.8 1.2 1.6 
time (ps) 
Fig. 3.24 Time evolution of distances for Na十…O of 8-3 in A I M D simulation at 
average temperature of 300 K. 
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At 300K 
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^ I 
(d) 8-3i.2 (e) 8-3i.6 
Fig. 3.25 Snapshots of the structures 8-3 for Na+(CH30H)8 in the A I M D 
simulations at 300 K. The structures (a) 一 (e) are selected in regular 
intervals. The subscript number represents snapshot time. 
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3.6.2.2 Optimized structures for Na+(CH30H)„, n = H 
For a fluxitional cluster ion, the optimized structure is also dependent on the 
choice of initial structure. As A I M D progresses, the cluster structure usually settles 
into a more definitive shape. Hereby, I use the structure obtained at the end of an 
A I M D simulation as the initial guess for structural optimization. These structures, 
optimized by VASP, are shown in Figure 3.26 and their geometric parameters are 
listed in Table 3.11. The most stable isomer is the pentamer core structure 8-I50K. 
However, its energy is only slightly lower than the most stable tetramer core 
structure 8-2iok, by 0.38 kcal/mol. Such a small difference in energy is the 












Fig. 3.26 Structures of Na+(CH30H)8 obtained by energy minimization using 
VASP program. The subscript number represents temperature used in 
the A I M D simulation. 
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Table 3.11 Geometric parameters and the relative energies of Na+(CH30H)8 
(Figure 3.26) by using VASP program. 
8-1 l O K 8-150K 8-2IOK 8 - 2 5 0 K 8 - 3 3 0 0 K 
core-size 5 ^ 4 4 4 
Rel’ E 3.70 0.00 0.38 4.34 7.20 
(kcal/mol)  
Na-01 2.346 2.317 2.411 2.395 2.510 
Na-02 2.540 2.413 3.499 3.257 2.425 
Na-03 3.436 2.404 3.459 3.423 2.361 
Na-04 2.266 2.502 4.001 4.206 3.563 
Na—05 2.794 2.681 2.231 2.218 3.637 
Na-06 2.442 3.957 2.380 2.362 4.754 
Na-07 3.436 3.214 3.792 3.728 2.290 
Na-08 3.601 4.074 2.509 2.736 4.519 
01-H3 1.727 
01-H8 1.579 1.566 
02-H5 1.533 
02-H6 1.486 1.469 
02-H8 1.623 1.638 
03-H4 1.636 1.604 
03-H7 1.537 1.539 
04-HI 1.693 
04-H5 1.593 1.641 1.612 
04-H6 1.692 
05-H2 1-458 
05-H7 1.637 1.550 
06-H3 1.676 1.453 1.605 1.598 
06-H5 1555 
07-Hl 1.838 1.720 1.460 1.448 
07-H2 1.631 1.610 
08-H2 1.611 1.577 




The size-dependent intracluster ether elimination reaction of Na+(CH30H)„ 
cluster ions are studied by the ab initio molecular orbital method using the Gaussian 
98 and by the ab initio molecular dynamics method using the VASP program. 
Comparison with previous experimental and theoretical calculations on 
Na+(CH30H) shows that the planewave cutoff energy of 270 eV is suitable for the 
study of the dynamics of internal motion in large Na+(CH30H)„ (" = 6 and 8) cluster 
ions. 
For the small Na+(CH30H)„ cluster ions with = 2 - 5, the A I M O calculations 
find two kinds of stable structures, M(z,0) and M(/,l). For " 二 2 to 4, M(/,0) 
structure is more stable than M{i,\) structure, by more than 10 kcal/mol fox n <3 and 
by only 1.7 kcal/mol for ^  = 4. However, when the cluster size is increased to ^  = 5, 
the relative stability of M(/,l) and M(/,0) isomers is changed because of the steric 
factor. M(4,l) structure is slightly less stable than M(5,0) structure by around 1 to 
2 kcal/mol. 
Among the two mechanisms examined in m y thesis, only scheme 2, with a four-
member ring in the TS, is possible as a mechanism for the intracluster reaction for 
larger clusters with n > 2. Within such a mechanism, the methanol molecules in 
structure M(i,l) must be oriented such that 0 - H or/and O-CH3 interactions are 
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possible to form a “cyclic-structure，，. Nevertheless, the reaction barrier of scheme 2 
stays at high value of around 70 kcal/mol for « = 2 - 5. It makes the intracluster 
reaction unlikely at these sizes, which is in agreement with experimental findings. 
However, further calculations on larger clusters and a positive identification of the 
mechanisms are needed for a full understanding of the intracluster reaction. 
As the energy for the 五evap of methanol is less than 15 kcal/mol and is much 
lower than the reaction barrier of ether formation for « = 2 to 5, structure M(/,l) 
could also undergo the methanol loss via evaporation rather than the ether 
elimination reaction. As a result, M(z,0) structure of Na+(CH30H)„-i is generated 
and dominant in the evaporation products. 
The A I M D simulations are performed to study the stability of Na+(CH3〇H)„ 
clusters with ^  = 6 and 8. The size of the first solvation shell and the stability of the 
core size for the clusters vary with the temperature and the initial structure. 
The A I M D simulations show that the core structure is not stable even at low 
temperature and its size could change, since a methanol molecule could move 
between the first and second shell upon heating. The core size around Na十 ion can 
fluctuate between four and six for ^  = 6 and 8. The energy minimization using 
VASP program shows that tetra- and penta-coordinated in the first solvation shell 
seem to be the most stable form for n = 6 and 8 respectively. Future studies on the 
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mechanisms for ether elimination should be focused on isomers with either a 
tetramer or a pentamer core. 
Ill 
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